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ABSTRACT
Polymer-matrix fiber-reinforced composites have seen increasing use in applications requiring
high specific strength and stiffness. These materials typically show excellent in-plane properties
but are particularly susceptible to transverse impacts. Impact can significantly reduce strength and
the extent of damage can grow under cyclic loading conditions. Because this type of damage often
occurs below the surface, hidden from inspection, it is especially critical in structural applications.
Traditionally, impact damage repair techniques have focused on increased factors of safety or use of
toughened polymer matrices. In this work, a microcapsule-based self-healing epoxy is used in woven
fiber-reinforced composite panels for the repair of matrix damage imparted by low-velocity impact.
The initial work focused on self-healing in plain 2D woven S2 glass laminates with an epoxy ma-
trix. The self-healing components, dicyclopentadiene (DCPD) microcapsules and wax-encapsulated
first generation Grubbs’ catalyst microspheres, were premixed into the liquid epoxy, and panels are
fabricated using a hand layup technique and compression molding. Low-velocity impact damage
was introduced to these panels by drop-weight impact testing. To visually assess the damage state,
cracks on sections through the impact damage were marked with fluorescent dye penetrant. A
51% reduction in total crack length per imaged edge was observed for self-healing panels when
compared to non-healing controls, indicating filling of damage with healed material. A reduction in
damage resistance was also observed upon inclusion of both self-healing components. Recovery of
mechanical properties after healing was investigated by conducting compression-after-impact tests.
Self-healing panels showed full recovery of residual compressive strength up to a threshold impact
energy nearly double that of non-healing controls. Above this threshold impact energy, residual
compressive strength was partially recovered to a degree that diminished with increasing impact
energy.
The work on self-healing 2D woven composites indicated that catalyst microspheres significantly
reduced damage resistance, while microcapsules did not have the same detrimental effect on damage
resistance. Thus, potential improvements by the use of catalyst microspheres encapsulated by
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poly(urea-formaldehyde) (UF) were explored. To investigate the effect of encapsulating catalyst
microspheres with UF on the mechanical properties, UF encapsulated wax microspheres were
fabricated and investigated. Tapered double cantilever beam samples containing these UF encap-
sulated wax microspheres showed better mode I fracture toughness than samples containing wax
microspheres. In addition, composite panels containing DCPD microcapsules and UF encapsulated
microspheres exhibited higher impact damage resistance.
The recovery of impact damage in 3D orthogonal woven composites was also explored. Low-
velocity impact damage in 2D plain woven and 3D orthogonal woven glass/epoxy composites was
compared by developing and implementing a semi-automated crack measurement program to obtain
a statistical measure of damage state for both types of panels. The results indicate a modest
reduction in total delamination length, total delamination cross-sectional area, and delamination
separation in 3D composite panels compared to 2D woven composite panels. These findings
are attributed to toughening mechanisms associated with through-thickness z-tow reinforcement.
Self-healing functionality is incorporated into 3D orthogonal woven glass/epoxy composites via an
aqueous impregnation suspension containing DCPD microcapsules and urea-formaldehyde encapsu-
lated Grubbs’ catalyst microspheres. The pre-impregnated fabric is infused with an epoxy matrix
using vacuum bag resin infusion. A protocol based on double cantilever impact of beam samples
and flexure after impact is used to characterize mechanical recovery. The lack of recovery of
self-healing beam samples in four-point flexure after impact tests highlights the current challenges
of incorporating a microcapsule-based DCPD-Grubbs’ catalyst self-healing system into a 3D woven
composite. An estimate of healing agent delivered to the crack plane indicated inadequate healing
agent delivery to significantly fill the damage separations that were measured. In addition, it was
demonstrated that the polymerization propagation distance of DCPD from the ruptured catalyst
microspheres was insufficient to heal damage in regions where fiber tows overlapped. Finally, lap
shear tests demonstrated that the adhesion of poly-DCPD to the epoxy matrix was significantly
lower than the adhesion of the epoxy matrix to itself. This relatively poor adhesion limited the
achievable recovery.
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CHAPTER 1
INTRODUCTION
1.1 Project Concept and Summary
Because of their excellent in-plane properties and high specific strength, fiber-reinforced polymer
matrix composites have found many uses in structural applications. However, they are particularly
prone to damage from out-of-plane, or transverse, impact events. Most fiber-reinforced composites
have a layered or laminated structure with reinforcing fibers placed mainly in-plane to maximize
the reinforcing efficiency in the primary load directions. However, the lack of through-thickness
reinforcement makes these composites susceptible to failure from out-of-plane loading such as
transverse impact events.
Once impact damage is located, there are many repair techniques that have been proposed or
are currently practiced [1–4]. Most solutions rely on resin infiltration of delaminations or composite
patches to provide load transfer across the damaged region. In cases of severe damage, damaged
regions are removed and replaced with new composite material that is bonded or co-cured to
the original material [1]. These repair techniques are generally time-consuming, complicated, and
require unhindered access. An alternate solution is the employment of self-healing polymers as the
composite matrix. Several self-healing strategies in polymers have been proposed. The article by
Blaiszik et al. [5] provides a comprehensive review of these systems.
One self-healing system of interest for the repair of transverse impact damage is the capsule-
based self-healing system demonstrated by White and coworkers [6]. The healing chemistry is
based on ring opening metathesis polymerization of dicyclopentadiene (DCPD) and first generation
Grubbs’ catalyst (referred to hereon as Grubbs’ catalyst) (Fig. 1.1). In this system, the monomeric
DCPD is microencapsulated in a polymer shell (urea-formaldehyde), and the catalyst is embedded
in an epoxy matrix. Initial studies on the recovery of mechanical properties in self-healing epoxy
focused on fracture [6, 7] and fatigue testing [8–10] of the neat resin (without fiber reinforcement)
by use of the tapered double cantilever beam specimen (TDCB). In further work, Kessler et
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Figure 1.1: (a) Schematic of autonomic healing system based on DCPD microcapsules and first generation
Grubbs’ catalyst embedded in a epoxy matrix (figure reprinted by permission from Macmillan
Publishers Ltd: Nature, [6], 2001). As a crack forms, it ruptures microcapsules, releasing
healing agent onto the crack plane by capillary action. The healing agent dissolves Grubbs’
catalyst exposed on the crack plane, which cures the DCPD via a ring opening metathesis
polymerization and rebonds the crack faces. (b) Load-displacement plots of virgin and healed
tests of a DCPD-Grubbs’ catalyst self-healing TDCB sample (figure reprinted from Brown et
al. [13]).
al. [11, 12] successfully incorporated the self-healing system into a woven fiber-reinforced composite
and demonstrated recovery of Mode I interlaminar fracture toughness. This work can be naturally
extended to the healing of impact damage. In this dissertation, self-healing epoxy based on the
DCPD-Grubbs’ catalyst healing chemistry is applied to autonomic healing of low-velocity transverse
impact damage in 2D and 3D woven fiber-reinforced composites.
1.2 Background
To approach the technical challenge of self-healing low-velocity impact damage in 2D and 3D
woven composites, an understanding of the relevant background is essential. First, background
on the nature and assessment of low-velocity transverse impact damage is presented. Next, 3D
orthogonal woven composites are described. Finally, approaches used by other authors to heal
transverse impact damage in fiber-reinforced composites are presented.
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Figure 1.2: Schematic of response regimes based on impact duration (figure reprinted from Olsson [14]
with permission from Elsevier).
1.2.1 Impact Damage in Composite Materials
Transverse impact events are generally categorized into response regimes based on the duration
of impact. For impact times on the order of the wave speed through the thickness, response is
dominated by the complex propagation of three-dimensional stress waves [14] (Fig. 1.2a). Ballistic
impact of composites is one example in which this response regime is important, particularly in the
initial stage of damage where the bulk of the impact energy is absorbed [15]. For impact events
that are much longer than the time for through-the-thickness wave propagation, the duration of the
impact event compared to the time of flexural and shear wave propagation dictates regime response.
For impact events on the same order as flexural and shear wave speed, the behavior is dictated by
flexural wave propagation [14] (Fig. 1.2b). In ballistic impact, the latter phase of damage which
results in the formation of delaminations and fiber stretching and fracture is of this nature [15].
Finally, for impact durations much longer than the time it takes flexural and shear waves to reach
the plate boundaries, the response is considered quasi-static(Fig. 1.2c). This regime is frequently
referred to as “low-velocity” impact and is often triggered when the ratio of impactor mass to target
mass is large [14]. Heavy tool drops and low-speed collisions with composite structures are common
examples of situations leading to low-velocity impact. It is this regime of transverse impact damage
that is relevant to the work presented in this dissertation.
Transverse impact damage typically falls into four categories: intra-ply matrix cracking, de-
lamination, fiber failure, and fiber pullout. Although fiber damage is usually localized at the
site of impact, matrix damage in the form of matrix tensile cracks, matrix shear cracks, and
delaminations can be more widespread. The stresses that develop during transverse impact fall into
three categories: contact stresses between the impactor and the composite, tensile and compressive
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Figure 1.3: Schematic of impact damage modes in a laminated composite (figure reprinted from de Freitas
et al. [16] with permission from Elsevier).
stresses that result from the flexural mode, and out-of-plane shear stresses that result from shear
loading. The stresses that dominate, and thus the dominant damage mechanisms, depend strongly
on impact energy and target stiffness. Tensile matrix cracks are typically a result of high in-plane
tensile stresses that develop as a result of flexural modes and are oriented perpendicular to the
plane of impact. Shear matrix cracks are intra-ply cracks that form as a result of shear stresses and
are usually oriented at an angle to the plane of the composite plate. Delaminations, inter-ply cracks
of a planar nature, are initiated when a tensile or shear crack hits an interface and propagates
horizontally under shear loads. The schematic in Figure 1.3 summarizes the matrix damage modes.
At high impact energies, stress levels are high enough to cause fiber failure/rupture, as well as fiber
pull-out. Given adequate impact energy, full penetration can also result.
For composites of low stiffness at low impact energies, the flexural mode of response will
dominate, and large tensile stresses will develop in the plies closest to the back face. These stresses
lead to tensile matrix cracks that grow vertically from the back face. When these tensile cracks reach
the first inter-ply interface, they seed delaminations that tend to grow horizontally. The damage
can then jump to higher interfaces via intra-ply shear cracks. At intermediate impact energies,
contact forces between the impactor and composite cause significant tensile stresses around the
periphery of the contact zone. Given high enough impact velocity, matrix cracks will be initiated
at the surface and travel through the first ply, seeding delaminations at the first interface. These
delaminations will grow horizontally until being deflected to lower interfaces by shear cracks. Thus,
the final damage state is a combination of the damage seeded by tensile cracks on the bottom and
damage seeded from cracks formed through contact stresses at the impact site. For composites of
stiffer nature, due to higher modulus or thickness, the damage process is similar, but in reverse.
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The higher stiffness results in higher critical contact stresses relative to flexural stresses, so damage
is initiated from the impact face at low impact energies and then, at higher impact energies, from
tensile cracks on the back face [16–18].
The size scales of matrix damage that results from impact can vary greatly. Tensile and shear
cracks are generally the smallest in terms of length and separation of crack faces. Typically, these
cracks are limited in length to a few ply thicknesses, and separations are usually less than 20 µm.
Delaminations, on the other hand, can be much larger in scale. Delamination length can be as
small as a few millimeters with interface separations around 10 µm, or in cases of severe impact
(e.g. ballistic impact), delaminations can grow to tens of centimeters in length with separations of
several millimeters close to the impact site.
The issue of impact damage is of great importance because it can reduce the in-plane and
flexural properties of the composite part significantly. Tensile, compressive, and flexural strengths
can all be reduced, so factors of safety are increased to account for impact damage. Even at impact
energy levels with minimal or no fiber failure, matrix damage alone can lead to degradation in
composite mechanical properties. Damage of this type, referred to as barely visible impact damage
(BVID), is especially difficult to detect, but can have large consequences for composite integrity.
Delaminations, in particular, pose a serious issue because they can significantly reduce compressive
strength [19–23] and grow in response to fatigue loading [19,24–27].
To study the effects of low-velocity transverse impact on composite structures, impact testing
is typically conducted using a drop-weight impact tower. A mass carriage that runs on rails is
dropped from a predetermined height onto a clamped or simply supported composite plate. Since
the mass of the carriage is fixed, as well as the drop height, the impact energy and velocity is
easily controlled. An optical sensor that detects the speed of a flag rigidly attached to the mass
carriage can be used to measure the impact velocity, and thus the incident impact energy. Often,
the impactor, or tup, is instrumented with a load cell to record the force/acceleration versus time
history. Integration of this curve can be used to calculate the velocity, displacement, and absorbed
energy history. Because low-velocity impact theoretically has quasi-static response, quasi-static
indentation of composites has also been used to simulate impact damage in this regime [28].
Because of the reduction of composite integrity imparted by impact damage, damage assessment
is of critical importance for structural composites. This assessments consists of two components:
detecting and characterizing modes of impact damage and determining its effect on composite
mechanical properties. The former provides information describing the relationship between the
degree of damage and the severity of impact, a relationship referred to as damage resistance. The
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latter establishes the effect of the degree of damage on mechanical properties and structure, i.e.
damage tolerance. By combining damage resistance and damage tolerance, a relationship between
impact conditions and post-impact composite performance can be established.
Assessment of damage resistance requires methods to detect and characterize impact damage.
These techniques fall into two major categories: destructive and non-destructive. Destructive
testing typically involves sectioning or de-plying techniques that destroy the composite structure. In
addition, these techniques can potentially introduce additional damage, thus affecting the accuracy
of characterization. Despite these drawbacks, destructive techniques can allow direct visualization
of damage not always possible with non-destructive methods. Nondestructive evaluation (NDE)
techniques are noninvasive and are unlikely to alter the impact damage state. In addition to
providing a method to characterize damage, they can be also used to monitor in-service parts.
Examples of NDE techniques include X-ray radiography, X-ray computed tomography [29–32],
ultrasonic scanning, infrared thermography, and optical coherence tomography (OCT) [33, 34]. A
review by Kim [35] covers many of these methods.
Designing composite parts requires a thorough understanding of the structure’s damage tolerance.
This assessment is accomplished by post-impact mechanical characterization. Depending on the the
structural application, different mechanical properties will be of interest. In composite parts that
mainly undergo tensile stresses (e.g. pressure vessels), residual tensile strength and modulus are of
primary interest. In some cases the compressive strength is the paramount design factor, especially
since compressive strength is sensitive to delaminations. In other applications, flexural strength and
stiffness are important.
Several studies have been conducted to assess damage tolerance by measuring residual tensile
strength and stiffness [36–41]. Specimens cut from impacted panels can be tabbed and tested on a
load frame for ultimate tensile strength. Tensile strength decreases with increasing impact energy
(or as the degree of damage increases) and is typically less sensitive to matrix damage than to
fiber failure and perforation. Caprino showed [36] that the the residual tensile strength, σr, can be
expressed in terms of impact energy, U , with the power law
σr
σ0
=
(
U0
U
)β
, (1.1)
where σ0 is the undamaged tensile strength and U0 is the threshold impact energy below which
no reduction in strength occurs. The exponent β can be determined empirically. In the study by
Caprino, U0 and β for a carbon fiber reinforced polymer (CFRP) laminate system were 0.39 J and
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0.460, respectively.
Measurement of in-plane residual compressive strength (RCS) after impact is referred to as
compression after impact (CAI) [20–22, 36, 42]. Since compressive strength is more sensitive to
impact damage, it becomes the overriding design factor in many applications. The sensitivity of
compressive strength to impact damage is mainly due to delaminations. The sublaminates created
by delaminations locally buckle, leading to a region of reduced stiffness (Fig. 1.4). Under load,
this “soft” region causes stress concentrations in the bordering undamaged material, thus causing
premature failure [21, 42–44]. In CAI studies, a composite plate is damaged using a drop-weight
impact tower and is then compressively tested in a specially designed fixture. The typical CAI
setup, depicted in Figure 1.5, consists of bottom and top loading platens that apply clamped
end conditions and anti-buckling guides that prevent global buckling of the panel while allowing
local buckling of the damaged regions. RCS decreases with increasing impact energy, but often
approaches a minimum value. Like residual tensile strength, RCS exhibits a threshold impact
energy, U0, and Caprino [36] showed that RCS also shows the same power law behavior (Eqn. 1.1).
For the CFRP laminates analyzed in this study, U0 was 0.24 J and 0.81 J for impactor radii of
6.3 mm and 25.4 mm, respectively. The exponent β was 0.376 and 0.534, respectively.
A less frequently used method for assessing the effect of impact damage on mechanical properties
is flexure after impact (FAI) [46–51]. This technique is based on measurement of post-impact flexural
properties using three-point or four-point flexural tests. Usually, a composite plate is impacted,
and a strip is cut through the center of the damage zone for use in flexural tests. Alternatively,
beam samples can be impacted in a three-point flexural configuration and used directly in flexure
after impact tests [50, 51]. For the four-point FAI case, the inner span is chosen to encompass the
impact damage, while for the three-point FAI case, the impact damage is encompassed within the
total span. The main property of interest is flexural strength, defined as the maximum normal
in-plane stress during the test. This stress is found at the top or bottom of the center-point of the
sample under maximum load. For four-point bend tests, the entire top and bottom faces between
the top loading edges are equally stressed, since there is a constant bending moment across the
inner span. The degree of flexural strength reduction varies greatly depending on material, damage
severity, and damage type. For example, Dorey et al. [46] saw complete loss of flexural strength at
high energies for glass-Kevlar hybrid composites, while Santiuste et al. [51] and Zhang et al. [49]
observed maximum reductions of approximately 70% and 30%, respectively, for glass fiber reinforced
polyesters. Like RCS, residual flexural strength exhibits a threshold impact energy value and drops
off with increasing impact energy. Kim et al. [47] fit the power law relationship developed by
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(a) (b)
Figure 1.4: Delamination buckling modes in CAI: (a) both faces buckle in the same direction and (b) faces
buckle in opposite directions.
Anti-buckling guides
Figure 1.5: A schematic of a common variant of the compression-after-impact test setup (figure reprinted
from ASTM standard D7137 [45]).
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Caprino (Equation 1.1) to residual flexural strength data for CFRP laminates, while Santiuste et
al. [51] suggested that the relationship was linear.
In addition to residual flexural strength, residual flexural modulus is used to assess damage
tolerance [47,49]. Flexural modulus is sensitive to delaminations and fiber damage. Using laminates
with a simulated delamination at the midplane, Tracy et al. [52] showed that flexural modulus is
far less sensitive to delaminations in the four-point configuration (maximum reduction of 8%) than
in the three-point configuration (maximum reduction of 34%). As a result, most studies looking
at flexural modulus degradation have used the three-point configuration for FAI. Like residual
flexural strength, residual flexural modulus can vary significantly. Kim et al. [47] found a maximum
reduction of three-point flexural modulus of approximately 70% for CFRP laminates, while Zhang
et al. [49] saw a maximum reduction of approximately 20% in glass fiber reinforced polyester.
Since impact damage can grow under fatigue loading, an understanding of this process is
important to the damage tolerance of composite materials. Different studies have been conducted
on tension-tension [25,53], tension-compression [25,27], and compression-compression [25–27] fatigue
behavior. In investigations of impact damage growth under fatigue loading, Ramkumar [25] found
that tension-tension loading had the least effect and that tension-compression and compression-
compression loading had a far more pronounced effect.
1.2.2 3D Orthogonal Woven Composites
Typically, fiber-reinforced composites are made by stacking multiple layers of reinforcement with
fibers oriented mainly in-plane (Fig. 1.6a). This architecture produces a 2D material optimized
for good in-plane properties, but results in relatively poor out-of-plane properties. One solution
that attempts to improve these out-of-plane properties while maintaining in-plane properties is 3D
composites. In 3D composites, some of the reinforcement is arranged in out-of-plane directions, thus
improving through-thickness properties, damage resistance, and damage tolerance. There are several
techniques for creating 3D reinforcement architectures: weaving, braiding, knitting, stitching, and
z-pinning. 3D weaving techniques, in particular, are popular because weaving processes are used
widely in the composites industry for 2D composite fabrics. One such technique is multilayer or
3D weaving, in which advanced looms are used to place a large number of individual tows in a 3D
woven configuration by carefully controlling the lifting sequence [54]. A 3D woven architecture that
can be made using this technique is the 3D orthogonal weave (Fig. 1.6b). In this weave non-crimped
warp and weft tows are bound together by z-tows which run in the warp direction and weave
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Figure 1.6: Schematics of (a) a 2D plain woven system (figure reprinted from Baucom et al. [55] with
permission from Elsevier) and (b) a 3D orthogonal woven system (image courtesy of Dr. Youqi
Wang from Kansas State University).
through-thickness (Fig. 1.7), thus creating a preform where reinforcement is arranged in all three
orthogonal directions. The non-crimp nature of the warp and weft tows maximizes the in-plane
stiffnesses and strengths, while the z-tows provide improved through-thickness properties.
Because of the monolithic nature of 3D orthogonal weave preforms, layer-by-layer consolidation
processes that are common for 2D woven composites are not feasible for 3D orthogonal woven
composites. This processing limitation necessitates the use of liquid molding techniques that fall
under three main categories: resin transfer molding (RTM), resin film infusion (RFI), and vacuum
bag resin infusion (VBRI) [54]. In RTM the preform is placed in a closed mold, and resin is injected
under pressure through inlet ports while displaced air exits through the outlet ports (Fig 1.8). Resin
flow is driven by the pressure differential between the inlet and outlet ports and is mainly in-plane.
A hot press is generally used to hold the mold closed, and heat can be applied to lower resin viscosity
and/or cure the resin. In vacuum assisted resin transfer molding (VARTM), a variant of RTM,
vacuum is applied to the preform to increase infiltration (by increasing the pressure differential)
and to reduce the formation of voids. VBRI techniques, based on the Seemann Composite Resin
Infusion Molding Process, are similar to VARTM except that they use a one-sided mold with a
vacuum bag (see Fig. 1.9). Like RTM, resin enters the mold through resin inlet ports. Vacuum is
applied to the outlet ports and the resulting pressure differential drives the resin through the part.
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Figure 1.7: Cross-sectional optical image of a 3D orthogonal woven composite showing a through-thickness
z-tow.
Typically a resin distribution medium is laid over the preform, so resin flows predominantly through
the thickness, in contrast to RTM processes. RFI, the final category of 3D composite consolidation
techniques, has a similar vacuum bagging setup to VBRI. However, in this method the resin is in the
form of a film that is the bottom layer of the layup. The preform is placed on top of the resin film,
followed by a porous release film and breather cloth. The bag is evacuated and the mold is heated
to melt the resin film. The molten resin is infused into the fiber preform and flow is generally in the
through-thickness direction. In VBRI and RFI layups run at atmospheric pressure, the maximum
possible compaction pressure is one atmosphere. However, this pressure can be increased greatly by
applying high external pressure in an autoclave.
Although 3D orthogonal woven composites are used for their improved out-of-plane properties,
the inclusion of z-tows does affect the in-plane properties. The effect on tensile modulus is currently
not well understood, as studies have shown typical increases or decreases of 20% [54]. In addition,
many of these studies compare 2D and 3D woven composites that have significantly different fiber
contents. However, comparing equivalent fiber contents and architectures, 3D orthogonal woven
composites show reduced tensile modulus due to fiber waviness of load-bearing tows induced by
z-tows [54]. Compressive modulus behaves similarly for the same reason [54]. Tensile strength
is often reduced due to fiber damage from the z-tow weaving process and to fiber waviness of
in-plane tows induced by z-tows [54]. Tan and coworkers [56] found reduced tensile strength and
strain for 3D orthogonal woven carbon fiber reinforced epoxy, and they also noted that fracture
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Figure 1.8: Schematic of resin transfer molding.
Figure 1.9: Side-view (top) and top-view (bottom) of a resin bag infusion setup.
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initiated at cross-sections where z-tows weave through-thickness. These results were attributed to
the fiber waviness of the filler yarn induced by the presence of the z-tows. Compressive failure of
3D orthogonal woven composites is more complicated. In some cases, the compressive strength is
higher than that of corresponding 2D woven composites, but this behavior has not been adequately
explained [54]. More often, compressive strength is lower compared to 2D woven composites, namely
because the initial misalignment of load-bearing tows caused by z-tows leads to the formation of
kink bands at lower loads [57,58]. In short, 3D orthogonal woven composites generally show reduced
in-plane properties compared to their 2D equivalents.
Because the main advantage of 3D orthogonal woven composites is their improved through-
thickness properties, many investigations of interlaminar properties have been conducted. In
general, interlaminar shear strength in 3D orthogonal woven composites is the same or slightly
higher than equivalent 2D composites [54]. Characterization of interlaminar fracture toughness
has been carried out for mode I and mode II loading conditions. In mode I the toughening
effect of z-tows is high. For example, Gue´non et al. [59] found that a z-binder content of 1%
increased the delamination fracture toughness of a 3D woven composite by a factor of 14 over a 2D
carbon/epoxy prepreg laminate. The key toughening mechanisms that z-tows introduce are z-tow
bridging, as well as fracture and pullout of z-tows [54] (Fig. 1.10). The high level of toughness these
mechanisms introduce can also lead to crack branching that in turn promotes more toughening. As
a delamination grows in a 3D orthogonal woven composite, it passes around the z-tows it encounters
without fracturing them. This process leads to intact z-tows that bridge the delamination and carry
large forces, thus reducing the stress acting on the crack tip and increasing delamination resistance.
The distribution of forces on the bridging z-tows is biased towards tows further from the crack tip
where the crack separation is higher. Z-tows at the rear of the bridging zone eventually fracture
at the crack plane or near the outer surface of the composite where bending during the weaving
process weakens them. If the latter situation occurs, the z-tow/matrix interface can fail and the
tow will be pulled out through the composite. The energy used during this process contributes to
toughening. Limited studies of mode II delamination fracture toughness has also been conducted
for 3D orthogonal woven composites, but the increase in fracture toughness was found to be far less
(in the range of two to three times that of a 2D prepreg laminate) than for the mode I case [54].
Because of the increased interlaminar toughnesses described above, 3D orthogonal woven
composites exhibit better impact damage resistance than 2D composites. When compared to
equivalent 2D laminates, these materials show reduced impact damage areas due to the various
toughening mechanisms [54]. However, when compared to 2D plain woven composites, 3D orthogonal
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Figure 1.10: Schematic of z-tow toughening mechanisms in 3D woven composites.
woven composites show increased damage area [55,60]. This behavior is likely the result of the high
degree of undulation of interlaminar regions in 2D woven systems which impedes the growth of
delaminations [61]. Regardless of the damage resistance, 3D orthogonal woven composites exhibit
vastly superior damage tolerance, especially in compression. The source of this property lies in the
ability of delamination-bridging z-tows to stabilize and delay the local buckling in damaged regions.
Cox [62] derived an expression for the minimum volume fraction of z-reinforcement required to
suppress local buckling during compression, and the results imply that failure stress is increased
with increased z-tow fiber modulus, volume fraction, and alignment perpendicular to the plane of
the panel.
In summary, 3D orthogonal woven composites show significantly improved interlaminar prop-
erties compared to 2D woven composites. This advantage comes with the drawback of reduced
in-plane properties compared to equivalent 2D systems, but the superior impact damage resistance
and general damage tolerance makes these materials a favorable choice in applications involving
high loads and repeated impact events.
1.2.3 Application of Self-Healing Systems to Impact Damage in
Fiber-Reinforced Composites
Of the numerous demonstrated self-healing systems [5], only a few have been investigated for
the repair of impact damage in fiber-reinforced composites. Because matrix damage modes can
vary in crack separation from a few microns to millimeters, the self-healing system used must be
capable of generating sufficient volume to at least partially fill the void space. This requirement
has so far limited the explored healing systems to microcapsule and vascular/capillary based. The
studies by Hayes et al. [63, 64] are the exception. In this work, an intrinsic system comprised of
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a thermoplastic blended with the epoxy matrix was shown to visually reduce impact damage in
fiber-reinforced composite panels. However, no mechanical recovery was demonstrated.
Self-healing of impact damage using capillary-based techniques has been investigated by Bond
and coworkers [65–68]. The investigators initially used quasi-static indentation to create damage
similar to impact damage in glass and carbon fiber reinforced composites and assessed damage
recovery based on four-point bend experiments [65–67]. More recently, Williams et al. [68] executed
true CAI experiments, demonstrating 95% retention of CAI strength compared to 66% for unhealed
panels. In another study, Williams et al. [69] showed autonomic healing of impact damage in
composite sandwich panels by delivering healing agent with a vascular network in the foam core.
However, the mechanical recovery seen in CAI tests was attributed to the restoration of core
and core-skin interface properties rather than the healing of matrix damage in the fiber-reinforced
composite skin.
Microcapsule-based approaches to healing impact damage have also been explored. Using the
microencapsulated epoxy and latent curing agent approach, Yin and coworkers [70] measured CAI
of woven fiberglass-reinforced epoxy composites impacted up to 3.5 J, showing improved healing
performance at lower impact energies and through application of lateral pressure. However, healing
in these systems was not autonomic, requiring heating to 140°C to activate the latent curing agent.
1.3 Overview and Outline of Dissertation
This dissertation covers the application of the microcapsule-based DCPD-Grubbs’ catalyst
system to the autonomic healing of impact damage in 2D and 3D woven composite materials with
epoxy matrices. The work presented encompasses research on the integration of a self-healing
system in 2D woven glass fiber composites and efforts to extend this system to a 3D woven system.
Chapter 2 details the fabrication and testing of 2D plain woven self-healing composites and their
performance subject to low-velocity impact. A hand layup technique is outlined, and results of a
CAI study are presented. In addition, the effect of self-healing components on damage resistance is
explored.
Chapter 3 describes the application of urea-formaldehyde encapsulated catalyst microspheres to
improve damage resistance for self-healing epoxy containing the DCPD-Grubbs’ catalyst healing
system. The manufacturing process for these materials and basic characterizations are presented.
The effects on fracture toughness of self-healing epoxy and on damage resistance of glass/epoxy
composites are investigated.
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Chapter 4 covers the quantitative characterization of impact damage in 2D and 3D woven
composites. A semi-automated program was developed and implemented to aid in the analysis of
cross-sectional tiled optical images of impact damage. This analysis was conducted to compare and
contrast 2D and 3D impact damage modes, as well as elucidate some of the effects of z-tows on
impact damage.
In Chapter 5, the results of self-healing 3D woven composites subject to impact damage are
presented. A fabrication process for integrating the microcapsule-based system is outlined. In
addition, development of a FAI protocol for testing mechanical recovery is detailed. Results using
this protocol are reported.
Finally, Chapter 6 summarizes the important findings and conclusions, and suggestions for
future work are given.
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CHAPTER 2
AUTONOMIC HEALING OF
LOW-VELOCITY IMPACT DAMAGE
IN A 2D WOVEN COMPOSITE
Previous studies on the self-healing of impact damage have been predominantly non-autonomic
at room temperature, as the systems for the large part require elevated temperatures to trigger
the healing response. For the work presented here, the DCPD-Grubbs’ catalyst microcapsule-
based system was chosen since it has been shown to be autonomic at room temperature and has
potential to fill and bridge crack separations of the order of tens of microns. Previously, Kessler
et al. integrated this system into fiber-reinforced composites. In initial work, self-activated double
cantilever beam samples made from E-glass reinforced epoxy were shown to recover about 20%
of virgin mode I interlaminar fracture toughness [11]. This low healing efficiency was attributed
to the poor dispersion of catalyst relative to the reference case (51-67% healing efficiency) where
injected DCPD was pre-catalyzed. In later work with carbon fiber reinforced epoxy composites,
Kessler et al. [12] showed 38% recovery of mode I intelaminar fracture toughness with in-situ width
tapered double cantilever beam (WTDCB) specimens, thus demonstrating autonomic healing in a
fiber reinforced composite for the first time.
Additional studies using the DCPD-Grubbs’ catalyst healing system for composite applications
have been conducted. Blaiszik et al. [71] used a scaled down version of this system with 1.5 µm
diameter DCPD microcapsules to heal the fiber-matrix interface and demonstrated recovery of
up to 44% of the virgin interfacial shear strength. Moll et al. [72] used the microcapsule-based
DCPD-Grubbs’ catalyst system to seal indentation damage in an E-glass epoxy composite. Using a
pressure cell that detects nitrogen flow through the thickness of composite panels, the investigators
showed significant recovery of barrier properties.
The studies presented in this chapter extend previous work by demonstrating autonomic healing
of low-velocity impact damage in 2D woven S2 glass-reinforced epoxy composite panels. The system
described by White et al. [6] and later modified by Rule et al. [73] is integrated using a hand layup
technique to impart self-healing functionality (Fig. 2.1). Damage repair is assessed both visually
and mechanically. We visually examine the autonomic repair of impact-induced matrix damage
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Figure 2.1: Schematic of the self-healing system used in the matrix of a woven fiber-reinforced composite.
by using a crack marking technique to quantify damage reduction and by direct observation of
healed material. Mechanical recovery is assessed using a CAI testing protocol. The influences of
impact energy and lateral pressure are investigated to study the effect of damage volume on healing
performance.
A similar CAI study was done by Yin and coworkers [70] on woven fiberglass-reinforced epoxy
composites impacted up to 3.5 J. The system used epoxy microcapsules and latent imdazole curing
agent (CuBr2(2-MeIm)4) in the matrix. The investigators showed improved healing performance
at lower impact energies and through application of lateral pressure, indicating a damage volume
effect. However, significant healing was only seen when matrix damage modes dominated, and
the onset of delaminations and fiber rupture lead to a considerable drop-off in healing efficiency.
In addition, healing in these systems was not autonomic, requiring heating to 140°C to activate
the latent curing agent. In this study, on the contrary, room temperature autonomic repair of
delamination is the focus.
2.1 Materials and Methods
2.1.1 Self-Healing Components
The size scales of healing agent components incorporated into the composite system are a crucial
design factor. Smaller components distribute more evenly and infiltrate into narrow interlaminar
regions. However, because the amount of healing agent delivered to the crack plane varies linearly
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Figure 2.2: (a) Histograms of microcapsule diameter for larger (125 µm) and smaller (35 µm) microcapsules
used in this study. (b) SEM micrograph of 125 µm DCPD microcapsules.
with microcapsule diameter [74], a reduction in size scale limits the amount of damage that can be
healed. In addition, the efficiency of wax microspheres to protect the embedded catalyst diminishes
with size as the surface area to volume ratio correspondingly increases [75].
Distilled endo-DCPD filled microcapsules were manufactured by in situ poly(urea-formaldehyde)
(UF) microencapsulation using the method described by Brown et al. [76]. Two different size ranges
of microcapsules were employed to promote even distribution of microcapsules and ensure adequate
delivery of DCPD healing agent to crack planes. Microcapsules of ∼35 µm number average diameter
were used to ensure even distribution and access to restricted locations, while microcapsules of
∼125 µm number average diameter were used to provide a large supply of healing agent for
delivery to damaged regions. Small microcapsules were made using an agitation rate of 1000 rpm
and collecting microcapsules beneath the 75 µm sieve. Large microcapsules were made using an
agitation rate of 550 rpm and collecting microcapsules between 125 µm and 250 µm sieves. The size
distributions for both types of microcapsules are shown in Figure 2.2a.
Wax-protected catalyst microspheres were made using a method similar to that described by
Rule et al. [73], in which 10 wt% first generation Grubbs’ catalyst (freeze-dried morphology [77])
was incorporated in paraffin wax microspheres. Plain paraffin wax microspheres were also fabricated
for use in control specimens without self-healing functionality. A 0.2 wt% aqueous polyvinyl alcohol
(average MW 85,000-124,000, 87-89% hydrolyzed, Sigma-Aldrich) solution was used instead of the
0.28 wt% aqueous poly(ethylene-co-maleic anhydride) solution used previously.
Wax microsphere size is controlled by agitation rate, but the addition of Grubbs’ catalyst
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Figure 2.3: (a) Histograms of diameter for plain wax microspheres and wax-encapsulated Grubbs’ catalyst
(10 wt%). (b) Optical micrograph of wax-encapsulated Grubbs’ catalyst microspheres.
broadens the size distribution. In particular, there is a persistent long tail on the larger diameter
side of the distribution. Because these larger microspheres can constitute a significant percentage
of the total mass, matching the number average diameter was deemed inadequate. Instead, the
number density of microspheres in the final composite was held consistent, which meant the average
value of the microsphere diameter cubed was held constant. Catalyst-containing wax microspheres
of
〈
d3
〉1/3 = 135 µm were created at 1000 rpm. To achieve the same 〈d3〉1/3, plain wax microspheres
were processed at 600 rpm. The size distributions of these wax microspheres are shown in
Figure 2.3a.
2.1.2 Composite Materials, Lay-up, and Curing
Composite panels for low-velocity impact were nominally 101×101×4 mm and consisted of 4
plies of 24 oz/yd2 5×5 yarns/inch plain woven S2-glass fabric (Owens Corning Knytex SBA240F)
in an Epon 862 and Epi-cure 3274 matrix (100:40 weight ratio). Self-healing (SH) panels were made
with a 2:1 mass ratio of 35 µm to 125 µm DCPD-filled microcapsules, as well as catalyst-containing
wax microspheres of 135 µm average diameter. Three types of control panels were employed in the
experiments. Plain composite panels (C-I) contained no self-healing components. A second set of
controls (C-II) contained only microcapsules at the standard 2:1 mass ratio of 35 µm to 125 µm size
ranges. A final set of controls (C-III) contained both microcapsules and plain wax microspheres. A
summary of panel compositions can be found in Table 2.1.
The epoxy chosen for these panels was Epon 862 and Epicure 3274. This system was picked
20
Table 2.1: Summary of 2D woven composite panel types.
Panel Type DCPD Microcapsules Wax Microspheres
C-I none none
C-II 35 µm and 125 µm none
C-III 35 µm and 125 µm plain, 135 µm
SH 35 µm and 125 µm 10 wt% Grubbs’, 135 µm
because it provides a room temperature cure system that has sufficient pot life for hand layup.
The epoxy was prepared by mixing Epon 862 resin (286 g) with Epikure 3274 curing agent (114 g)
and paraffin wax microspheres (10 g), together with healing agent microcapsules (33 g) in a 2:1
mass ratio of small to large capsules. The overall concentration of microcapsules, microspheres,
and active catalyst was 7.4 wt%, 2.3 wt%, and 0.23 wt%, respectively. Once mixed, the resin was
partitioned into four equal portions, one for each layer of glass fabric, and degassed under vacuum
before being used for lay-up. The first portion of resin was laid down and spread evenly over the
mold surface. A glass fabric layer was then placed on top and lightly rolled flat. The liquid epoxy
was allowed to soak into the fabric rather than using pressure with the roller. This method was
employed to avoid pushing and concentrating the self-healing components to the edge of the part.
This process was repeated for the remaining layers. A porous peel ply, backed by bleeder cloth, was
placed on the top surface to allow excess resin to bleed toward the top surface during compaction.
A schematic of the hand layup molding is shown in Figure 2.4.
The samples were cured at room temperature for 24 hours under compaction pressure, followed
by 48 hours at 35°C with no pressure applied. Plain composite panels were compacted with
4.8 kPa pressure using weights, while panels containing microcapsules and/or wax microspheres
were compacted with 95.8 kPa of pressure using a hot press. These compaction pressures yielded
a final panel thickness of approximately 4 mm, and the fiber content was estimated, based on
panel thickness, to be approximately 33% by volume for all panels. Increased compaction pressure
Top plate with
release ply
Bottom plate with
release ply
Bleeder cloths
Porous peel ply
Silicone rubber
resin dam
Composite layup
Figure 2.4: Schematic of hand layup mold setup used for fabrication of 2D woven composites.
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was required for microcapsule-containing panels in order to maintain consistent overall laminate
thicknesses. This effect is likely due to increased resin viscosity with the addition of microcapsules.
The final concentrations of self-healing components in the composite panels were estimated to be
approximately 13 vol% DCPD microcapsules and 4.3 vol% catalyst microspheres (0.0039 g Grubbs’
catalyst per cm3 of composite) by assuming all self-healing components remained in the final
composite panel. This assumption is reasonable because the self-healing components cannot bleed
through the porous release ply. After curing, each large panel was then cut with a diamond saw
into four smaller 101×101 mm panels.
2.1.3 Low-Velocity Impact Testing
Impact testing was conducted on an Instron Dynatup 8200 instrumented drop weight impact
tester with the sample circularly clamped (76 mm diameter) and using a spherically shaped impact
head of 25.4 mm radius of curvature. A schematic of the impact setup is shown in Figure 2.5.
Samples to be damaged were impacted with a range of energies as outlined in Table 2.2. Reported
impact energy values are calculated from drop height and carriage mass values. For impact energies
below 26.5 J, the lower limit on carriage mass required a reduction in drop height. Although
this reduction lowers the impact velocity, the rate effects on impact damage are minor in this
low-velocity impact regime [78]. The large curvature of the impact head, combined with this range
of impact energies, produces matrix damage without significant fiber damage.
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Figure 2.5: (a) Schematic of drop-weight impact tower with instrumented tup. (b) Images of the backface
of panels with damage from impacts of 22.2 J (top) and 45.1 J (bottom).
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Table 2.2: Summary of composite panel impact and healing conditions. All panels were healed at room temperature (∼24◦C).
Type No. of Samples Drop Mass (kg) Drop Height (m) Impact Energy (J) Healing Pressure (kPa)
C-I 8 0.00 0.00 0.0 0
8 7.66 0.60 45.1 0
C-III 8 0.00 0.00 0.0 0
4 4.52 0.30 13.3 0
4 4.52 0.40 17.8 0
4 4.52 0.50 22.2 0
6 4.51 0.60 26.5 0
6 5.58 0.60 32.9 0
6 6.61 0.60 38.9 0
8 7.66 0.60 45.1 0
4 7.66 0.60 45.1 1077
SH 8 4.52 0.40 17.8 0
7 4.52 0.50 22.2 0
8 4.51 0.60 26.5 0
4 5.58 0.60 32.9 0
8 7.66 0.60 45.1 0
8 7.66 0.60 45.1 1077
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All impacted self-healing panels were given 48 h to heal before further testing. A majority of
the SH panels were healed under ambient conditions: room temperature and no lateral pressure.
However, a set of self-healing panels impacted with 45.1 J was healed with 1077 kPa lateral
pressure applied using a hot-press in order to understand the effect of damage volume on healing
performance. Corresponding C-III controls underwent the same conditions to separate any non-
healing improvements in compressive strength due to damage compaction.
2.1.4 Damage Imaging and Quantification
Panels were sectioned through the point of impact into four quarters for imaging (Fig. 2.6a).
Delaminations and matrix cracks exposed on the cross-section surface were marked using a
fluorescent dye penetrant technique similar to that demonstrated by Kuboki et al. [79]. The first
step of this process is to lightly sand the cross-sections with wet 600 grit silicon carbide paper on
a rotating polishing wheel at 80 rpm. Next, a commercial fluorescent dye penetrant, Zyglo ZL-37,
is painted onto the cross-section with a paper wipe. The high surface wettability of the penetrant
allows it to wick into exposed cracks within a few minutes. A final light sanding again with wet 600
grit paper on a polishing wheel is then used to remove the surface layer, thus removing the penetrant
that coats the surface. This process leaves only the dye penetrant that has wicked into the cracks.
Under UV illumination, the penetrant fluoresces green to highlight the damage. Figure 2.6b shows
a typical image of highlighted damage under UV illumination. For each panel, four separate images
were obtained, one for each sectioning cut.
The images of penetrant marked damage provide a qualitative look at the degree of damage,
as they clearly reveal the delamination and shear/transverse cracking damage modes. However,
a quantitative assessment of damage resistance is also necessary, and so the total crack length
per imaged edge was measured to quantify the degree of damage. First, highlighted cracks were
manually traced with a pencil tool in Adobe Photoshop CS2. The resulting images were thresholded
to yield just the crack tracings, which were in turn skeletonized using a Fovea Pro photo analysis
plug-in (Fig. 2.6c). Finally, the total length of the skeleton was then computed using the same
plug-in software. Thus, the damage metric of total crack length per imaged edge could be used to
quantify impact damage.
Optical microscopy was also carried out to directly image healed material. The composite
cross-sections were directly polished without mounting, and brightfield reflected-mode images were
obtained.
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Figure 2.6: (a) Schematic of sectioning layout that yields cross-sections with exposed impact damage.
(b) Image of fluorescently marked cracks under UV illumination. (c) Skeletonization of marked
cracks.
2.1.5 Compression after Impact
CAI was used to assess the effect of self-healing components on composite performance and the
degree of recovery due to the healing response. CAI tests were conducted based on the ASTM
standard [80]. However, the fixture was modified from the standard geometry to accommodate the
101×101 mm panels (Fig. 2.7). All panels underwent in-plane compression testing using a MTS
812 hydraulic test frame coupled with a Instron 8800 controller at a cross-head speed of 1 mm/min.
Panels, both damaged and undamaged, were loaded until complete compressive failure across the
width of the sample.
Figure 2.7: Schematic of compression-after-impact fixture.
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Figure 2.8: Total crack length per imaged edge for plain (C-I), microcapsule-only (C-II), microcapsule and
microsphere (C-III), and self-healing (SH) composite panels impacted with 45 J. Error bars
are ± one standard deviation.
2.2 Results and Discussion
2.2.1 Damage Characterization
Self-healing panels impacted with the highest energy (45.1 J) show a 51% decrease in total
crack length per imaged edge when compared to the corresponding C-III controls (Fig. 2.8). Plain
composite panels (C-I) and microcapsule-only panels (C-II) were also tested to observe the effects
of self-healing components on damage resistance. As shown in Figure 2.8, there is a negligible
increase in total crack length per imaged edge when plain panels are compared to microcapsule-only
panels, indicating that the addition of the microcapsules does not significantly affect impact damage
resistance. However, C-III panels show a significant jump in total crack length per edge, suggesting
that the combination of wax microspheres and DCPD microcapsules has a detrimental effect on
damage resistance. The addition of wax microspheres may be associated with a reduction in
interlaminar shear properties, plasticization of the matrix, or they may act like voids within the
matrix rich regions. However, the reduced damage resistance may instead be dependent on the total
concentration of self-healing components together, rather than on wax microsphere concentration
alone. Verifying this possibility requires further investigation. Nevertheless, self-healing panels
exhibit dramatically smaller crack length per imaged edge when compared to controls, indicating
significant filling of damage with healed material.
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Figure 2.9: Optical micrographs of cross-sections of (a) a partially healed section of delamination in a
self-healing panel impacted with 45.1 J and (b) a section of unhealed delamination in a C-III
non-healing control panel impacted with 45.1 J.
Closer inspection of self-healing panels by optical microscopy reveals poly-DCPD-filled delam-
ination and transverse cracks, as well as unhealed sections (Fig. 2.9a). Healed delaminations are
marked by a trail of poly-DCPD-filled microcapsules that have ruptured onto the crack plane. C-III
controls, on the contrary, do not show evidence of rebonded crack or delamination faces (Fig. 2.9b),
as would be expected in the absence of catalyst.
2.2.2 Compression-after-Impact Results
Table 2.3 contains a summary of CAI test results for panels healed under ambient conditions.
The RCS as a function of incident impact energy is plotted in Figure 2.10 for self-healing and
C-III controls. Both types of panels show typical RCS behavior [36, 81] with a threshold impact
energy below which little or no drop in RCS is detected. Self-healing panels show nearly twice the
threshold energy of C-III panels. Above their respective threshold energies, both types of panels
show a reduction in RCS with increasing impact energy. For self-healing panels, this drop-off in
performance appears to be faster, and by 45.1 J of impact energy, the RCSâĂŹs for self-healing and
C-III panels are nearly the same.
28
Table 2.3: Summary of CAI test results for panel groups healed under ambient conditions. Errors reported are ± one standard deviation.
Type Impact Energy(J)
Compressive Strength
(MPa)
Max. Tangent Stiffness
(GPa)
Average Stress at Max. Tan.
Stiffness (MPa)
C-I 0 80 ± 5.1 11.7 ± 0.29 48 ± 8.9
45.1 72 ± 2.8 11.3 ± 0.37 38 ± 7.7
C-III 0 82 ± 4.6 11.2 ± 0.26 49 ± 7.0
13.3 80 ± 7.2 11.7 ± 0.17 45 ± 5.1
17.8 68 ± 1.6 11.4 ± 0.15 34 ± 1.9
22.2 67 ± 6.9 10.8 ± 0.13 33 ± 1.3
26.5 64 ± 5.9 10.6 ± 0.35 34 ± 2.6
32.9 59 ± 2.9 10.8 ± 0.53 31 ± 10
38.9 60 ± 4.9 10.8 ± 0.52 30 ± 2.0
45.1 55 ± 2.4 9.8 ± 0.39 27 ± 3.5
SH 17.8 79 ± 6.5 11.4 ± 0.23 47 ± 5.5
22.2 76 ± 6.7 11.4 ± 0.31 44 ± 7.5
26.5 71 ± 5.9 10.7 ± 0.28 40 ± 7.0
32.9 66 ± 2.7 11.2 ± 0.13 35 ± 1.6
45.1 56 ± 4.7 10.0 ± 0.38 32 ± 3.5
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Figure 2.10: Residual compressive strength (RCS) and average stress at maximum tangent stiffness
(SMTS) for non-healing control panels (C-III) and self-healing panels (SH) versus nominal
incident impact energy. Error bars are ± one standard deviation. Also plotted is a fit to RCS
based on a model proposed by Caprino [36].
Equation 1.1 can be used to fit experimental RCS data. For analyzing the data in this study, σ0
was taken as the average compressive strength of all undamaged C-III panels. The parameters U0
and β were found by performing a least-squares fit of Equation 1.1 to the average measured RCS
at each energy level. For C-III controls, panels impacted with 17.8 J or more were used. For the
self-healing case, fittings were performed both for the full set of data and by excluding the data
at 17.8 J. The fit was significantly better when excluding the 17.8 J data (standard deviation of
residuals of 1.09 MPa versus 2.28 MPa), so the resulting U0 and β values for this fit are reported
here. This result suggests that 17.8 J is below the threshold impact energy for the SH case. In fact,
six of the eight SH panels impacted at this energy healed to at least 97% of the average undamaged
C-III RCS.
Based on the model fitting results, threshold impact energy, U0, for self-healing panels (19.7 J) is
almost twice that of C-III panels (10.7 J). The exponent β, which is related to how fast RCS drops
off with increasing impact energy, is larger for self-healing panels (0.44) than for C-III panels (0.28),
indicating a reduction in self-healing recovery with increasing impact energy. However, because
of the sensitivity of U0 and β to experimental error, additional experimental data is required to
definitively quantify these trends.
The better recovery of RCS at lower energies is likely the result of decreased damage volume.
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(b)
35 μm
(a)
100 μm
Figure 2.11: SEM images showing examples of the largest delamination separations seen in C-III panels
impacted with (a) 45.1 J and (b) 17.8 J.
SEM images of cross-sections of impacted C-III composites reveal that delamination separation
increases with increasing impact energy. Figure 2.11 shows examples of the largest delamination
separations observed for C-III panels impacted with 45.1 J and 17.8 J. Clearly, C-III panels impacted
with 45.1 J possess considerably more damage separation than those impacted with 17.8 J. C-III
panels impacted with 45.1 J can have delamination separations of approximately 100 µm, whereas
the largest delamination separations seen in C-III panels impacted with 17.8 J are approximately
35 µm.
Rule et al. [74] investigated the effect of microcapsule size on the healing performance of TDCB’s
with the DCPD-Grubbs’ catalyst healing system. The following relationship between the mass of
healing agent per area (m), microcapsule weight fraction (Mc), and microcapsule diameter (dc) was
derived:
m = ρsMcdc, (2.1)
where ρs is the sample density. Modifying Equation 2.1, the theoretical volume of healing agent
released for planar cracks can be estimated as
Vh = ΦcdcA, (2.2)
where Φc is the local volume fraction of microcapsules, dc is microcapsule diameter, and A is the
area of crack created. For complete filling of the damage volume, Vh = ASmax, where Smax is the
maximum crack separation for complete filling assuming complete emptying of capsules. Thus,
Smax = Φcdc. (2.3)
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For two sizes of microcapsules, t can be calculated separately for each size and then added. Thus
Equation 2.3 becomes
Smax = Φc,1dc,1 + Φc,2dc,2. (2.4)
For the case of a 2:1 mass ratio of 35 µm to 125 µm microcapsules, Φc,1 = 0.66Φc and Φc,2 =
0.33Φc, assuming the densities of the microcapsules are equal. Since microcapsules concentrate
in interlaminar regions, an estimate of the local concentration of microcapsules in these regions
is needed to calculate Φc. This concentration, estimated by measuring the area fraction of
microcapsules in a thresholded cross-sectional image, is ∼0.35. Thus, the maximum average crack
separation distance Smax = 23 µm. In the case of panels impacted with 45.1 J, where much of the
damage is on the order of 100 µm, most damage will not be filled or healed. For panels impacted
at 17.8 J, almost all of the damage separations are significantly smaller than 35 µm and should be
completely filled by poly-DCPD. Thus, as impact energy increases, damage separation increases,
filling of the damage with healing agent decreases, and RCS recovery is expected to decrease. These
results agree with the key finding by Rule and coworkers [74] that healing efficiency in tapered
double cantilever beam specimens is reduced with decreasing amounts of delivered healing agent.
Although SH panels impacted with 45.1 J show little recovery of RCS when compared to C-III
controls, their mechanical behavior is not identical to C-III controls. Figure 2.12 shows compression
loading curves for an undamaged C-III panel, a C-III panel impacted with 45.1 J, and a SH panel
impacted with 45.1 J. Average stress, load divided by the panel cross-sectional area, is plotted
versus displacement normalized to panel height. For the undamaged C-III control, there is an
initial softness in loading associated with the specimen settling in the grips, followed by a region of
fairly constant tangent stiffness. Near failure this panel quickly decreases in tangent stiffness until
eventual compressive failure marked by a sudden load drop. In contrast, impacted C-III controls
deviate from undamaged behavior at fairly low loads with a gradual reduction in tangent stiffness
until final compressive failure. This behavior is likely the result of local buckling in the damaged
region. Local buckling of the damaged region leads to a zone of reduced stiffness [21, 42–44],
which reduces overall panel tangent stiffness. Thus, for C-III panels the deviation from undamaged
behavior marks the onset of local buckling of sublaminates.
In contrast, self-healing panels impacted at 45.1 J show a markedly different behavior than
corresponding C-III controls. Unlike C-III panels, self-healing panels replicate the behavior of
undamaged C-III panels to much higher loads, before a rapid degradation in tangent stiffness
and then eventual compressive failure at load levels similar to damaged C-III panels. The
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Figure 2.12: Representative CAI loading curves (average stress vs. normalized displacement) for undam-
aged and impacted (45.1 J) C-III control panels and impacted (45.1 J) self-healing composite
panels.
similarity in loading behavior between self-healing panels and undamaged C-III panels is likely
due to self-healing material bonding delamination faces together and delaying local buckling of the
sublaminates. However, at a critical level of load, adhered delamination faces reopen, and the
tangent stiffness of the panel rapidly decreases. The key differences in behavior among undamaged
and impacted C-III controls and impacted self-healing panels can be more clearly seen in tangent
stiffness versus average stress plots (Fig. 2.13).
To quantify this difference in panel stiffness behavior, average stress at maximum tangent
stiffness (SMTS) was used as a metric of mechanical performance, since it corresponds to the onset
of degradation in mechanical properties. SMTS decreases with increasing impact energy for C-III
controls, as shown in Figure 2.10. Self-healing panels, however, consistently show higher SMTS,
even up to the highest impact energy tested. These results suggest a delay in local buckling due to
healing and adhesion of delamination faces.
To further investigate the effect of damage volume on healing performance, a set of self-healing
panels was healed under lateral pressure. Lateral pressure is expected to reduce separation of
delamination faces and damage volume, and thus increase RCS recovery [70]. Self-healing panels
healed under lateral pressure (1077 kPa) showed increased RCS (Table 2.4), approximately 78%
of their original compressive strength compared to 68% for panels healed without pressure. Two
of the eight panels healed under pressure recovered to 93% and 95% of the average compressive
33
Figure 2.13: Representative tangent stiffness vs. average stress curves (corresponding to Fig. 2.12) for
undamaged and impacted (45.1 J) C-III control panels and impacted (45.1 J) self-healing
composite panels.
strength of undamaged C-III panels. Additionally, panels healed under pressure consistently showed
significantly higher SMTS (Table 2.4), further evidence of improved self-healing performance. A set
of control panels (C-III) which underwent the same conditions as self-healing panels healed under
pressure showed no increase in RCS or SMTS (Table 2.4).
Also of interest is the mechanical degradation caused by addition of self-healing components.
As previously discussed, it was found that the combination of both DCPD microcapsules and
wax microspheres reduced the damage resistance of panels subject to low-velocity impact. In
addition, it has been shown that microcapsule addition reduces the effective tensile strength of the
matrix [82, 83]. However, comparisons of RCS of undamaged C-I and C-III controls (Table 2.3)
show the self-healing components in C-III panels do not reduce in-plane compressive strength.
Similarly, no significant difference is seen for SMTS. Since compressive failure in woven laminates
Table 2.4: Summary of CAI test results for panels impacted with 45.1 J with and without pressure during
healing period. Errors reported are ± one standard deviation.
Type HealingPressure (kPa)
Compressive
Strength (MPa)
Average Stress at Max. Tan.
Stiffness (MPa)
C-III 0 55 ± 2.4 27 ± 3.5
1077 54 ± 5.0 27 ± 4.1
SH 0 56 ± 4.7 32 ± 3.5
1077 64 ± 10 40 ± 6.2
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can be initiated by fiber microbuckling and kinking in the fiber-rich regions [84, 85], it is possible
that because the self-healing components are segregated in the interlaminar regions, they do not
appreciably affect this failure process. Thus, the addition of self-healing components, which reduces
damage resistance, does not have a deleterious effect on undamaged in-plane compressive properties
obtained using the CAI fixture. This behavior may not be reflective of other composite materials
more sensitive to fiber alignment, such as laminates made from unidirectional plies.
2.3 Conclusions
Autonomic healing of impact damage in 2D woven composite materials was demonstrated for
the first time using a microencapsulated approach. A hand layup technique was used to incorporate
DCPD microcapsules and wax-encapsulated Grubbs’ catalyst into a 4-layer plain woven composite.
Drop-weight impact was used to controllably introduce impact damage over a wide range of incident
impact energies. Fluorescent labeling of matrix damage combined with image processing shows
a significant decrease in observed crack length when comparing impacted self-healing panels to
impacted control panels that lack catalyst. Furthermore the addition of microcapsules to the matrix
of the composite had little effect on impact damage resistance, while the additional incorporation of
wax microspheres increased impact damage considerably. This reduction in damage resistance due
to the presence of wax microspheres is an important limitation that should be addressed in future
self-healing systems.
Using a protocol based on CAI testing, self-healing panels showed recovery in average stress at
maximum tangent stiffness and residual compressive strength. CAI results indicate that self-healing
increases the threshold impact energy by nearly twofold compared to non-self-healing controls. Self-
healing panels healed under lateral pressure showed greater recovery of residual compressive strength
and average stress at maximum tangent stiffness, due to more complete filling of damage volume.
The results of this study demonstrate the potential for significant mechanical recovery of damage
in impacted composites when complete filling of damage is feasible with the microencapsulated
self-healing material approach. Conversely, these results also indicate that autonomic healing in
impacted composites can be enhanced by increasing the delivery volume of healing agent to the
damage zone, or by reducing the damage volume induced by impact.
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CHAPTER 3
UREA-FORMALDEHYDE
ENCAPSULATED CATALYST
MICROSPHERES
3.1 Introduction
From the previous work described in Chapter 2, it is apparent that the self-healing components
have a detrimental effect on damage resistance. Composites containing microcapsules and wax
microspheres showed significantly more crack length per imaged edge than composites containing
microcapsules alone or plain composite panels, while microcapsule-only panels showed no significant
increase in crack length per image. It was hypothesized that wax microspheres reduce the damage
resistance because they act like voids and reduce interlaminar shear properties, while microcapsules
alone had a marginal impact. In the study by Rule et al. [74] on microcapsule size effects, it was
reported that KIC was reduced from 0.96 MPa·m1/2 for neat Epon 828/diethylenetriamine epoxy
to 0.88 MPa·m1/2 for the same epoxy containing 5 wt% Grubbs’ catalyst microspheres only. This
finding is in contrast to the improvement of KIC seen by Brown and coworkers [86] with the addition
of UF microcapsules in the same epoxy matrix. Fracture toughness was observed to increase with
increasing microcapsule concentration up to a maximum increase of 127% over the neat epoxy
value. Further increases in concentration reduced the fracture toughness. These results for KIC
indicate a negative effect for Grubbs’ catalyst microspheres and a positive effect for microcapsules.
However, there is evidence that microcapsule concentration can reduce fiber-reinforced composite
properties. In work on self-sealing composites, Moll et al. [72] showed that the indentation damage
area increased markedly with microcapsule concentration, indicating that delamination resistance
is negatively influenced by microcapsules.
If it is the case that wax microspheres reduce damage resistance, while microcapsules have
little effect, then a potential improvement to damage resistance would be to encapsulate these
microspheres in a polymer shell so that they behave like microcapsules. Prior work on the
microencapsulation of wax is found in literature on phase change materials. Paraffin wax and
other linear chain hydrocarbons are one main class of these types of materials, and much work has
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focused on using polycondensation of urea-formaldehyde and melamine-formaldehyde amino resins
to encapsulate them [87–90]. In this approach a prepolymer resin is created by partially reacting
either urea or melamine with formaldehyde. The prepolymer is added to the microencapsulation
mixture containing the hydrophobic core emulsified in water, and the pH is reduced to initiate
the condensation of the prepolymer [91]. Due to the surface activity of the prepolymer at the
water–core interface, which occurs inherently or by the assistance of an appropriate surfactant,
an enrichment of prepolymer occurs at the interface. This elevated concentration accelerates the
condensation reaction rate with respect to that of the continuous aqueous phase, thus favoring shell
formation [92].
Like most amino resin encapsulations, studies with phase change materials have predominantly
focused on encapsulation of liquid cores (accomplished by shell formation at a temperature above the
melting temperature of the core). However, in this study it would be desirable to encapsulate wax
microspheres containing Grubbs’ catalyst in their solid form, as it minimizes the potential for catalyst
deactivation during fabrication, namely due to exposure to the aqueous phase components and high
temperatures. In literature, amino resin encapsulations on solid cores have been demonstrated. One
example, a study by Kage et al. [93], investigated the effects of reaction parameters on the quality
of melamine-formaldehyde encapsulation of glass microspheres. By varying the hydrophobicity of
the microspheres with a dimethyldichlorosilane surface treatment, the authors were able to show
that increased hydrophobic character led to more uniform shell formation. Thus, the encapsulation
of solid wax microspheres, which are highly hydrophobic by nature, should be possible.
In this chapter, a study of urea-formaldehyde (UF) encapsulated wax microspheres is described.
The fabrication of these materials is accomplished using a prepolymer UF method to encapsulate
solid wax microspheres with and without Grubbs’ catalyst. Characterization of these microspheres
is presented, as well as results for fracture tests to determine their effect on mode I fracture
toughness of epoxy. Fracture tests using self-activated samples containing UF encapsulated catalyst
microspheres were performed to confirm catalyst activity. Finally, impact testing to characterize
effects on damage resistance for woven glass/epoxy composites is described.
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3.2 Materials and Methods
3.2.1 Urea-Formaldehyde Encapsulation of Catalyst Microspheres
Manufacturing UF encapsulated wax microspheres containing Grubbs’ catalyst (UF encapsulated
catalyst microspheres) involves two microencapsulation processes. First, freeze-dried Grubbs’
catalyst was wax encapsulated using the method outlined by Rule et al. [73], except a 0.2 wt%
aqueous polyvinyl alcohol (average MW 85,000-124,000, 87-89% hydrolyzed, Sigma-Aldrich) solution
was substituted for 0.28 wt% aqueous poly(ethylene-co-maleic anhydride) solution. The second
microencapsulation is pre-polymer UF encapsulation of the catalyst microspheres in solid form.
This technique was based on one outlined by Matson [94], and a schematic of this process is shown
in Figure 3.1. A prepolymer solution was prepared by reacting urea and formaldehyde (37wt% in
water) at 70°C for one hour and pH 8. A separate encapsulation mixture of deionized water and
poly(ethylene-co-maleic anydride) (EMA) was used to emulsify solid catalyst microspheres, and
the prepolymer solution was then added. Polymerization was triggered by lowering the pH to 2.5
using formic acid, and four hours was given to allow for formation of the UF shell around the wax
microspheres. The suspension was then vacuum filtered through filter paper on a Bu¨chner funnel to
remove the water. Next, the UF encapsulated catalyst microspheres were rinsed with approximately
500 mL of deionized water followed by 200 mL of ethyl alcohol. The microspheres were dried by
leaving the microsphere cake on the filter setup with vacuum applied until the microspheres formed
a dry powder. Finally, this dry powder was sieved through a 250 µm sieve to remove large debris.
In cases where UF encapsulated wax microspheres were needed to serve as non-functional
controls, plain wax microspheres were substituted for catalyst-containing microspheres. Wax
microspheres were encapsulated as the full 30 g batch, but the described method was scaled
accordingly to encapsulate (∼10 g) of catalyst microspheres per batch.
To characterize microsphere size distribution before and after UF encapsulation, microspheres
were spread on a slide and imaged with transmission optical microscopy. Microcapsule diameter
was measured manually from scaled images using ImageJ image analysis software. UF encapsulated
wax microspheres were then ground with mortar and pestle and rinsed with petroleum ether to
remove the wax, leaving behind UF shell fragments. These fragments were imaged using SEM, and
shell wall thicknesses were manually measured using ImageJ.
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Figure 3.1: Schematic of method for urea-formaldehyde encapsulation of solid wax microspheres.
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Figure 3.2: Photograph of experimental setup for single-capsule compression tests (figure reprinted from
Keller et al. [96]).
3.2.2 Single-Capsule Compression Tests
Single-capsule compression tests were performed using the setup and procedure described by
Keller et al. [95]. An image of the setup is shown in Figure 3.2. Tests for eight UF encapsulated
wax microspheres and five plain wax microspheres were conducted at 5 µm/s displacement rate.
Load-displacement data was collected, and initial microcapsule images were taken to calculate
diameter for data normalization.
3.2.3 TDCB Samples and Testing
TDCB tests were conducted to determine the effect of UF encapsulation of wax microspheres
on KIC of epoxy and to determine if catalyst functionality is maintained. The localized long groove
(47 mm) TDCB geometry and fabrication technique described by Rule et al. [74] was used for all
specimens (Fig. 3.3). A cure schedule of 24 hours at room temperature and 24 hours at 35°C
was followed for all samples. Neat epoxy of Epon 828 and diethylenetriamine (DETA) in a 100:12
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Figure 3.3: Schematic of localized TDCB geometry. All units are millimeters. Image reprinted from Rule
et al. [74] with permission from Elsevier.
weight ratio was also tested to establish the neat epoxy KIC. TDCB samples were made with wax
microspheres with
〈
d3
〉1/3 = 138 µm and UF encapsulated wax microspheres with 〈d3〉1/3 = 135 µm
at concentrations of 5 and 10 wt%. Microsphere size is reported as
〈
d3
〉1/3 for reasons explained in
Section 2.1.1.
The healing performance of samples containing catalyst microspheres can be compared to those
containing UF encapsulated catalyst microspheres to verify that the catalyst retains reactivity
after the UF encapsulation step. These self-activated TDCB samples were made containing 5 wt%
catalyst microspheres or UF encapsulated catalyst microspheres. In each case, the wax phase
contained 10 wt% freeze-dried Grubbs’ catalyst. Following virgin fracture tests, 25 µL of distilled
DCPD was injected into the crack plane, and after 24 hours healing at room temperature, the
fracture test was repeated. A summary of all types of samples tested can be found in Table 3.1.
All TDCB tests were conducted at 5 µm/s and load-displacement data was collected. The
fracture toughness, KIC, can be determined using the following equation from Mostovoy et al. [97]:
KIC = 2Pc
√
m
β
, (3.1)
where Pc is the critical fracture load and m and β are geometrical factors. For the geometry used
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in this study, m = 0.6 mm−1 and β = 4.37 mm [7]. Thus,
KIC =
(
1.12× 104 m−3/2
)
· Pc. (3.2)
For the critical fracture load, Pc, the first peak load was used in samples with more than one crack
propagation, rather than the average of all peaks. This method was used because in most cases
the first crack arrest was associated with the crack leaving the plane of the groove of the TDCB
sample. The purpose of measuring KIC was to compare fracture resistance for samples with wax
microspheres and samples with UF encapsulated wax microspheres, as well as neat epoxy samples.
For self-activated samples, healing efficiency was used to compare the catalyst activity. Since the
healing response is nonlinear when using wax-encapsulated catalyst, the normalized strain energy
approach described by Rule et al. [73] was used to quantify healing efficiency as follows:
η′ =
Ahealed/bn(W−a0healed)
Avirgin/bn(W−a0virgin)
, (3.3)
where A is the total integrated area under the load-displacement curve, bn is the width of the
groove (2.5 mm), W is the distance from the loading line to the end of the specimen (79.3 mm), and
a0 is the initial crack length. The initial crack lengths for virgin samples, a0virgin , were measured
using calipers, and the initial crack lengths for healed samples, a0healed , were assumed to be zero
since healed films were observed to cover the entire fracture surface. The integrated areas, A, were
determined using the trapezoid rule.
3.2.4 Composite Panel Fabrication and Testing
To determine the effect of UF encapsulation of wax/catalyst microspheres on damage resistance,
we compared impact damage in 2D plain woven composites containing DCPD microcapsules and
either wax microspheres or UF encapsulated wax microspheres. Composites were manufactured
by the same hand layup technique outlined in Section 2.1.2 with four 254×254 cm layers of the
same Owens Corning Knytex SBA240F S2 glass plain weave fabric. The epoxy matrix for these
samples was Epon 862 (resin) and Epicure 3274 (hardener) mixed in a 100:40 weight ratio for
a total of 400 g. For panels containing DCPD microcapsules and wax microspheres, 16.4 g of
35 µm DCPD microcapsules, 16.4 g of 125 µm DCPD microcapsules, and 10 g of 600 rpm wax
microspheres (
〈
d3
〉1/3 = 138 µm) were mixed into the epoxy prior to layup. For panels containing
DCPD microcapsules and UF encapsulated wax microspheres, 16.4 g of 35 µm DCPD microcapsules,
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Table 3.1: Summary of localized TDCB samples tested.
Type Microsphere
Type
Agitation
Speed (rpm)
Avg.
Diameter
(µm)
Microsphere
Conc. (wt%)
No. Samples
Neat - - - 0 10
Wax Plain Wax 600 rpm 138 5.0 5
Plain Wax 600 rpm 138 10.0 8
UF Encap.
Wax
UF encap 800 rpm 135 5.0 6
UF encap 800 rpm 135 10.0 5
Catalyst 10 wt%
Grubbs’
1000 rpm 135 5.0 4
UF Encap.
Catalyst
10 wt%
Grubbs’, UF
Encap
1000 rpm 148 5.0 5
16.4 g of 125 µm DCPD microcapsules, and 10 g of 800 rpm UF encapsulated wax microspheres
(
〈
d3
〉1/3 = 135 µm) were mixed into the epoxy prior to layup. The epoxy was degassed for 15 min
in four separate cups before the layup. The panels were hot pressed with ∼96 kPa at room
temperature for 12 h, followed by 12 h at room temperature with no pressure applied, and then
24 h at 35°C. Each 254×254 cm panel was sectioned into four 102×102 mm panels for impact
testing. The concentrations of microcapsules and microspheres were estimated to be 0.13 g/cm3 and
0.039 g/cm3, respectively, by assuming all self-healing components remained in the final composite
panel. This assumption is reasonable because the self-healing components cannot bleed through the
porous release ply. The compositions of the two types of panels are shown in Table 3.2.
Impact testing was conducted using the same apparatus as described in Section 2.1.3 with the
same geometries. Two panels of each type were impacted with incident impact energies of 27 J and
33 J (4.50 kg and 5.58 kg, respectively, dropped from a height of 600 mm). The panels were then
sectioned and fluorescently marked as described for samples in Section 2.1.4 yielding four unique
sections per panel. Images were taken under UV illumination. Samples were compared by measuring
damage radius, the furthest horizontal distance of impact damage from the impact site. Surface
damage that occurred between tows within the top layer of reinforcement was ignored because no
self-healing components were located in these regions, and thus this damage was considered to be
unaffected by the UF encapsulation of wax microspheres. In addition, this damage was not part of
the network of delaminations and shear cracks.
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Table 3.2: Summary of 2D woven panel types used for plain versus UF encapsulated wax microsphere
damage resistance study.
Panel Type DCPD
Microcapsules
Microcap.
Conc. (g/cm3)
Wax Microspheres Microsphere
Conc. (g/cm3)
W 1:1 35 µm and
125 µm
0.13 138 µm 0.039
UFW 1:1 35 µm and
125 µm
0.13 UF encapsulated,
135 µm
0.039
3.3 Results and Discussion
3.3.1 Characterization of UF Encapsulated Wax Microspheres
SEM was carried out on dry UF encapsulated wax microspheres to determine the surface
morphology. SEM images of intact and crushed UF encapsulated wax microspheres are shown
in Figure 3.4. The microspheres appear to have a continuous shell wall with a slightly bumpy
appearance and adhered particles that are most likely secondary UF particles that nucleate during
the encapsulation process. The crushed microsphere pictured in Figure 3.4b more clearly shows
the polymer shell around the wax core. Diameter histograms of the wax microspheres (made at
800 rpm) before and after UF encapsulation were obtained and are shown in Figure 3.5. Wax
microspheres fabricated at 800 rpm yield
〈
d3
〉1/3 = 117 µm. After UF encapsulation size analysis of
the microspheres yields
〈
d3
〉1/3 = 135 µm. The increase in microsphere size is likely due to smaller
microspheres adhering to larger ones during the UF encapsulation. The reduced detection of smaller
microspheres is manifested as a skewing away from the smaller diameters in the UF encapsulated
wax microsphere histogram (Fig. 3.5b). Measurements from SEM images of shell fragments yielded
an average thickness of 1.0 µm with a standard deviation of 0.4 µm. In addition, the UF shell
appears continuous at the magnifications investigated (Fig. 3.6).
3.3.2 Single-Capsule Compression Test Results
Representative load-displacement plots for single-capsule compression tests are shown in Fig-
ure 3.7. Displacement is normalized by the initial microsphere diameter. The plots consistently
show a markedly different behavior for wax microspheres and UF encapsulated wax microspheres.
For wax microspheres, the initial response is linear, but a gradual softening occurs at moderate
loads that is indicative of yielding and plastic deformation. In contrast, for UF encapsulated wax
microspheres, linear behavior is followed by a sudden load drop that is associated with the brittle
failure of the polymer shell wall. In some tests, multiple load drops are seen, indicating progressive
44
Figure 3.4: SEM images of (a) intact and (b) crushed UF encapsulated wax microspheres made at 800 rpm.
(a) (b)
Figure 3.5: Size histograms of plain wax microspheres made at 800 rpm (a) before (
〈
d3
〉1/3 = 117 µm) and
(b) after UF encapsulation (
〈
d3
〉1/3 = 135 µm).
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Figure 3.6: SEM image of a UF shell fragment from a UF encapsulated wax microsphere.
failure of the shell wall. The results confirm that the UF encapsulated wax microspheres have a
relatively brittle polymer shell wall.
Failure strength, defined by Keller et al. [95] as failure force normalized by capsule cross-sectional
area, can be quantified for wax microspheres and UF encapsulated wax microspheres. For UF
encapsulated wax microspheres, the failure load is defined as the peak load before the first sudden
load drop. Since wax microspheres exhibit yielding rather than failure at a distinct load, failure
load was defined as a yield load. For materials testing, a 0.2% strain offset criterion is frequently
used to define yield stress. Thus, for this study, the failure load is defined by the 0.2% dimensionless
displacement offset. Failure strength versus diameter for both types of microspheres is shown in
Figure 3.8. The failure strength for UF encapsulated wax microspheres is substantially higher than
plain wax microspheres, again indicating the presence of a solid polymer shell wall. The failure
strength versus microcapsule diameter data for dry DCPD microcapsules from the study by Keller
et al. [95] are also shown in Figure 3.8. The failure strength is significantly lower for the DCPD
microcapsules when compared to wax microspheres and UF encapsulated wax microspheres. This
result is expected, given that DCPD microcapsules contain a liquid core and have thinner shell walls
(175 nm). Keller et al. used an analytical membrane theory model to extract the elastic modulus of
the shell wall material. However, this model assumed a liquid core and negligible bending resistance
of the shell wall. For UF encapsulated wax microspheres neither of these assumptions is valid, so
this analysis was not performed.
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Figure 3.7: Representative single-capsule compression loading curves for plain and UF encapsulated wax
microspheres.
Figure 3.8: Normalized single-capsule compression strength vs. microsphere diameter for wax micro-
spheres, UF encapsulated wax microspheres, and DCPD microcapsules. Results for DCPD
microcapsules are reproduced from Keller et al. [95].
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3.3.3 Results of TDCB Tests
The values of KIC for TDCB samples with 0, 5, and 10 wt% loadings of wax microspheres and
UF encapsulated wax microspheres are shown in Figure 3.9. For TDCB samples containing wax
microspheres, the samples loaded at 5 wt% show a slightly reduced fracture toughness relative to
neat TDCB samples, while the fracture toughness is increased when wax microsphere concentration
is 10 wt%. In a study on toughening mechanisms in self-healing polymers, Brown et al. [86] showed
that both poorly bonded microcapsules and voids reduced KIC from the neat epoxy value over a
concentration range of 5-22 wt%. The results for 10 wt% loading of wax microspheres contradicts
this result, suggesting that wax microspheres do not act like voids.
TDCB samples containing UF encapsulated wax microspheres show increased fracture toughness
relative to neat ones for both loading levels. In addition, they show increased KIC compared
to samples with equivalent concentrations of wax microspheres, indicating that the UF shell
results in improved fracture properties. Rule et al. [74] showed that 10 wt% of 180 µm number
average diameter DCPD microcapsules increased KIC of Epon 828/DETA from 0.96 MPa·m1/2 to
1.06 MPa·m1/2 when using the same geometry and cure cycle as this study. In this study, KIC for
TDCB samples with 10 wt% of UF encapsulated wax microspheres is 1.10 MPa·m1/2. Although
UF encapsulated wax microspheres show similar levels of toughening to DCPD microcapsules, it is
unclear if this effect is solely due to the presence of the UF shell, since wax microspheres without a
UF shell also increase fracture toughness. However, the results indicate that UF encapsulating the
wax microspheres does improve KIC.
In a study on microcapsule induced toughening in self-healing polymers, Brown et al. [86]
attributed increases in KIC to mechanisms related to the formation of step tails in the wake of
ruptured microcapsules, hackle markings on the fracture surface, and subsurface cracks, with the
latter two representing the dominant toughening modes. SEM images of fracture surfaces of samples
containing 5 wt% wax microspheres and 5 wt% UF encapsulated wax microspheres are shown in
Figures 3.10 and 3.11. For both types of samples, step tails and hackle markings indicate the
presence of toughening mechanisms, but no clear difference is seen between fracture surfaces of the
two types of samples.
To investigate if the UF shell ruptures during fracture, bullet samples of Epon 828/DETA
with 5 wt% UF encapsulated wax microspheres were manually fractured with a razor blade and
imaged with SEM. An example of a ruptured UF encapsulated wax microsphere is shown in
Figure 3.12a, and it appears that the wax core is exposed. These bullet samples were then rinsed
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Figure 3.9: Virgin KIC results for localized long groove TDCB’s containing 0, 5, and 10 wt% plain or UF
encapsulated wax microspheres.
500 μm
(a) (b)
10 μm
Figure 3.10: SEM images of TDCB fracture surface for a sample containing 5 wt% wax microspheres
(
〈
d3
〉1/3 = 138 µm): (a) low magnification showing step tails (b) high magnification showing
hackle patterns in regions between ruptured wax microspheres.
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Figure 3.11: SEM images of TDCB fracture surface for a sample containing 5 wt% UF encapsulated
wax microspheres (
〈
d3
〉1/3 = 135 µm): (a) low magnification showing step tails (b) high
magnification showing hackle patterns in regions between ruptured UF encapsulated wax
microspheres.
with petroleum ether to partially dissolve any wax on the surface. Figure 3.12b shows an SEM
image of a representative ruptured UF encapsulated wax microsphere with its wax core partially
dissolved. The SEM images of the bullet sample fracture surfaces confirms that UF encapsulated
wax microspheres rupture and do not debond from the matrix.
The results of TDCB fracture testing for samples containing 5 wt% catalyst microspheres or
UF encapsulated catalyst microspheres are summarized in Table 3.3. Normalized strain energies to
failure after healing for both types of samples are very similar, indicating that catalyst activity is
maintained during the UF encapsulation of the wax-protected catalyst microspheres. The higher
healing efficiency for TDCB samples containing UF encapsulated catalyst microspheres is the result
of lower virgin peak loads (and thus virgin strain energy) for these samples and is not indicative of
an improved healing response.
Table 3.3: Summary of healing results for self-activated TDCB’s containing 5 wt% of catalyst microspheres
or UF encapsulated catalyst microspheres. Virgin KIC for neat samples and samples containing
10 wt% wax microspheres or UF encapsulated wax microspheres are also shown. Errors indicate
± one standard deviation.
Type Virgin KIC Healed Norm. Strain Energy η′
(MPa·m1/2) (J/m2)
Neat 0.90 ± 0.08 - -
Wax - 10 wt% 1.02 ± 0.11 - -
UF Encap. Wax - 10 wt% 1.10 ± 0.07 - -
Catalyst 0.93 ± 0.19 135 ± 18 0.53 ± 0.18
UF Encap. Catalyst 0.82 ± 0.12 132 ± 29 0.69 ± 0.17
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Figure 3.12: SEM images of representative ruptured UF encapsulated wax microspheres in manually frac-
tured bullet samples (a) before and (b) after rinsing with petroleum ether.
3.3.4 Impact Damage Resistance Results
Example images of fluorescently marked damage in wax microsphere and UF encapsulated wax
microsphere-containing panels are shown in Figure 3.13. Damage radius results are shown in
Table 3.4 and indicate that an increase in damage resistance is seen with UF encapsulation of wax
microspheres. Panels containing UF encapsulated wax microspheres show smaller damage radii at
both impact energies. At an impact energy of 27 J, there is only a slight reduction in mean damage
radii, but the difference is significantly larger at 33 J. In addition, for an impact energy of 33 J, the
standard deviation of damage radius for panels with UF encapsulated wax microspheres is notably
smaller than for panels with wax microspheres, indicating less variability in damage for panels
containing UF encapsulated wax microspheres. The improved damage resistance of composite
panels with UF encapsulated wax microspheres corresponds with improvements of KIC.
5 mm 5 mm
(a) (b)
Figure 3.13: Optical images of fluorescently marked impact damage (33 J) under UV illumination in
composite panels containing DCPD microcapsules and wax microspheres that are (a) not
encapsulated and (b) UF encapsulated.
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Table 3.4: Impact damage radii results for panels containing DCPD microcapsules and plain or UF encap-
sulated wax microspheres.
Type Impact Energy (J) Damage Radius (mm)
W 27 22 ± 2.3
33 29 ± 7.0
UFW 27 20 ± 2.7
33 22.5 ± 2.3
3.4 Conclusions
A viable technique for UF encapsulating catalyst microspheres in the solid state has been
demonstrated. SEM images and single-capsule compression tests confirm the presence of a solid,
continuous polymer shell wall. TDCB studies show that the addition of the UF shell wall increases
mode I fracture toughness of epoxy. Investigation of impact damage of composite panels also shows
an increase in damage resistance imparted by the UF encapsulation of wax microspheres.
Other non-mechanical benefits can be realized with UF encapsulation of wax microspheres.
The hydrophilicity imparted by the UF shell allows these microspheres to be dispersed in aqueous
media without the need of surfactants. As seen in Chapter 5, this feature is useful for the
processing of self-healing 3D woven composites containing wax encapsulated Grubbs’ catalyst. Also,
UF encapsulation of catalyst microspheres may also impart improved chemical protection of the
catalyst. Finally, it should be noted that the current study is limited to a UF shell wall, but use of
a tougher polymer shell material (e.g melamine-formaldehyde or polyurethane) may lead to larger
improvements of fracture toughness and damage resistance.
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CHAPTER 4
QUALITATIVE AND QUANTITATIVE
COMPARISON OF IMPACT DAMAGE
IN 2D AND 3D WOVEN COMPOSITES
4.1 Introduction
3D orthogonal woven composites possess good through-thickness properties while maintaining
good in-plane properties. As described in Section1.2.2, 3D orthogonal woven materials show
improved damage resistance and tolerance compared to 2D woven laminates. The impact damage
resistance of these systems is of particular interest, especially compared to traditional 2D woven
systems. In this chapter, impact damage properties of a 2D woven composite and a 3D woven
composite are quantified and compared to better understand the interaction of impact damage
resistance and the architecture of the reinforcement.
In addition to understanding and comparing damage resistance, we are also interested in
systematically measuring the separation of crack faces in impact damage. In self-healing materials
based on microcapsule delivery of healing agents, the damage separation is of critical importance to
the efficacy of healing. Studies by Rule et al. [74] and Kirkby et al. [98, 99] showed that the degree
of damage filling by the healing agent was intimately related to the healing efficiency. Studies by
Yin et al. [70] and Patel et al. [100] on self-healing of impact damage in woven composites showed
that as impact energy and the degree of damage increased, the recovery of residual compressive
strength was reduced. Patel and coworkers qualitatively showed that the damage separation was
the driving factor for this reduction in recovery. To determine the ability to heal impact damage,
statistics on crack separation are essential. Information on delaminations, in particular, is important
because delamination is the dominant impact damage mode that leads to mechanical degradation
in fiber-reinforced composites.
There are several techniques commonly used to characterize impact damage in fiber-reinforced
composites, and they fall into two major categories: destructive and non-destructive [35]. Destructive
characterization usually involves sectioning or de-plying techniques that destroy the composite
structure and can potentially introduce additional damage, while nondestructive evaluation (NDE)
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techniques are noninvasive and are unlikely to alter the impact damage state. However, destructive
techniques can allow direct visualization of damage not always possible with non-destructive
methods. There are two types of destructive evaluation for impact damage: the de-ply technique
and cross-sectional fractography. In the de-ply technique, any information on the separation of
damage faces is lost. Cross-sectional fractography, on the other hand, does preserve the ability
to measure damage separations. In addition, detailed optical or scanning electron microscopy can
be carried out in these sections, creating high resolution images that allow for damage separation
measurements.
There are numerous NDE techniques used to characterize impact damage. One subset is the X-
ray radiation-based techniques of X-ray radiography and micro-computed tomography (microCT).
X-ray radiography is limited to producing 2D representations of impact damage, thus rendering it
insufficient for characterizing damage separation. MicroCT, with its ability to create high resolution
3D renderings of composite damage, often has a resolution and sample size trade-off that makes it
difficult to use to characterize significant portions of typical low-velocity impact damage. Ultrasonic
scanning, another major NDE class, and perhaps the most used, is limited in resolution by the
wavelength of ultrasound used. Another NDE technique, optical coherence tomography (OCT), has
been used fairly recently to characterize impact damage [33,34]. However, this method suffers from
shadowing and contrast degradation with thickness. In addition, the reported resolution was only
in the 10 to 20 µm range, and the reported sample size was only 3×3×2 mm [34]. Because the
listed NDE techniques have limitations in resolution or sample size, a cross-sectional fractography
approach is used in this study.
In this study, we use cross-sectional fractography combined with optical microscopy to investigate
low-velocity impact damage in 2D plain woven and 3D orthogonal woven glass/epoxy composites.
Because imaging required a field of view of tens of millimeters to encompass cross-sections and a
resolution on the order of a few microns to measure crack separations, optical image tiling is used
to create high resolution images of entire cross-sections. Quantitative statistics of delaminations in
2D and 3D composites are obtained using a semi-automated script based on the work of Chen et
al. [101]. The results are used to compare delamination length, cross-sectional area, and separation
in 2D and 3D woven composites over a range of impact energies. In addition, observations of crack
behavior around z-tows are made.
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Figure 4.1: Schematic of 3D orthogonal woven architecture used in this study.
4.2 Materials and Methods
4.2.1 Panel Fabrication and Impact Testing
Two types of composite panel specimens were fabricated for this study: 2D plain woven and
3D orthogonal woven. 2D woven panels consisted of 5 layers of Owens Corning Knytex SBA240F
plain weave S2 glass fabric for a total areal density of 4.07 kg/m2 (120 oz/yd2). 3D woven panels
consisted of a single layer of 3D orthogonal woven S2 glass fabric with an areal density of 4.07 kg/m2
(120 oz/yd2). Figure 4.1 shows a schematic of the 3D fabric architecture. 254×254 mm composite
panels were made by vacuum bag resin infusion with the setup shown in Figure 1.9 and using a
100:15 weight ratio of Araldite LY/Aradur 8604 epoxy system. The panels were cured for four
days at room temperature and cut into four 101×101 mm panels. The approximate fiber volume
fractions for 2D and 3D panels, determined by matrix burn-off, were 0.55 and 0.46, respectively.
Impact testing was conducted on an Instron Dynatup 8200 instrumented drop weight impact
tower with the sample circularly clamped (76 mm diameter) and using a spherically shaped impact
head of 25.4 mm radius of curvature. A schematic of the impact setup is shown in Figure 2.5.
Samples of each type (2D and 3D) were impacted with 33, 58, 88, and 100 J using a drop height
of 0.60 m (estimated impact velocity of 3.43 m/s). These estimated impact energy values are
calculated from the drop height and carriage mass values.
4.2.2 Sample Preparation and Imaging Technique
After impact the composite panels were sectioned into quarters through the center of impact,
creating four unique cross-sections from the center of impact to the edge of the panel along 0°, 90°,
55
180°
90°
0°
270°
Warp
W
e
ft
Impact
damage
Figure 4.2: Sectioning layout for impacted panels used in damage characterization study. For each sample,
four unique sections (0°, 90°, 180°, and 270°) are used for imaging and analysis.
180°, and 270° angles (See Figure 4.2). Each section was mounted in a fixture and polished with
320, 600, 800, and 1200 grit silicon carbide sandpaper on a polishing wheel (Buehler Ecomet 3)
with an automated polishing head. A final polishing was done with a 0.05 µm gamma-alumina in
water slurry on a Mastertex cloth pad. The polishing times and rotational speeds for each step are
summarized in Table 4.1. The polished sections were then cleaned by sonication for 5 min in a bath
sonicator, rinsed with deionized water, and blown dry with compressed air. Samples were allowed
to dry overnight in a hood and were then sputtered with approximately 10 nm of gold-palladium.
The sputtered gold-palladium layer was used to increase contrast in subsequent optical imaging.
Imaging was conducted on a Zeiss Axiovert 200M inverted optical microscope. Images were
obtained in brightfield reflected mode with a 10X objective and were gathered and tiled automatically
Table 4.1: Sequence and conditions used for polishing of composite cross-sections.
Grit Rotational Speed (rpm) Duration (min)
320 50 5
600 80 10
800 100 15
1200 120 20
50 nm Al2O3 120 3×10 min
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using the Carl Zeiss Axiovision software to encompass the entire 50×4 mm cross-sections. The
resulting images were converted to standard grayscale tagged image format images with resolution
between 2.0 and 3.2 µm/pixel.
4.2.3 Semi-Automated Crack Analysis Program
The collected images were analyzed to quantitatively measure delamination geometry, which
required the use of a semi-automated script capable of mapping the crack route and measuring
separations perpendicular to this path. This type of image analysis has been described previously
in literature for the automated image analysis of crack formation in concrete [101,102]. The method
consists of two steps. First, the location of the crack is defined by the user by manual selection of
the crack endpoints, and an algorithm is used to find the crack path using a series of perpendicular
profiles. Second, the generated crack route is used to find crack separations perpendicular to the
crack route by grayscale analysis on perpendicular profiles. In this work, the method employed
was based on that of Chen and coworkers [101]. A few modifications were made to simplify
the analysis, and programming was done using MATLAB® with the image analysis toolbox (see
Appendix A). Measurements were limited to delaminations because they represent the dominant
mode of residual property degradation and they occur in numbers that can reasonably be analyzed
using a semi-automated scheme.
Algorithm to Find Crack Route
A modified form of the route-finding algorithm proposed by Chen et al. [101] was used to
determine crack routes. For each delamination, endpoints, sharp bends in the delamination, and
junction points with other cracks were manually selected. This series of points, the coarse crack
path, is used to break the delamination into easily analyzed sections. Similar to the algorithm used
by Chen et al., an iterative process is used to find the crack path. In the first step, manually selected
points are automatically re-centered on the crack. Two concurrent manually selected points are
connected with a line. This line is used to draw profiles at the two endpoints that are perpendicular
to the connecting line. The width of these profiles is chosen so that it is large enough to cross
the crack path, but it is kept small enough so that neighboring cracks are not picked up. While
the Chen et al. method used the minimum grayscale value along this profile to find the crack path
location, a different method is used in this study. A user-defined grayscale value is employed to
threshold the grayscale profile, thus creating a rough definition of the crack edges. The midpoint
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Figure 4.3: Schematic of method for centering manually selected points onto crack midline.
between these two “edges” demarcates the midline of the crack and is used to locate the crack
path. In this manner, all points along the coarse crack path are re-centered (Fig. 4.3). It should
be noted that manually selected points for crack junctions are treated differently. As described
by Chen et al. the local region around a crack junction is thresholded and skeletonized, and the
junction location is found by matching junction templates to the skeletonized image. These junction
templates are three-by-three element binary arrays that represent permutations of every possible
junction configuration. If multiple junction locations are found within the local region, the one
closest to the original manually selected junction location is used.
To refine this coarse route and find crack route locations between manually selected and re-
centered points, an iterative advancement process is used. Between two subsequent coarse path
points, a connecting line is drawn. This line is used to draw a perpendicular profile a predetermined
(user-defined) distance down the connecting line away from the starting point. As previously
described, the center of the crack along this profile is found using the thresholded profile, creating a
new crack route point. For subsequent steps, a line is drawn between the previous two route points
and extended forward the same user-defined distance. A perpendicular profile is drawn, and the
center of the crack is found as previously described, thus creating the next route point. This process
is repeated until the endpoint is reached. A schematic of the method for route determination is
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Figure 4.4: Schematic of method described by Chen et al. [101] for determining route of crack.
illustrated in Figure 4.4. By piecing together the routes for each subsection of crack (defined by the
original manually selected points), a crack route for the entire delamination is created.
Routine to Measure Crack Separations
With the crack route defined, the next step is measuring crack separations perpendicular to
this route. In the work by Chen et al., a grayscale profile (of the same width used for crack route
finding) was obtained at each route point and perpendicular to the crack route (Fig. 4.5a and
b). The profiles were convoluted with a filter of the first deviation of of the Gaussian function
(difference of Gaussians), and the crack edges were determined by the location of the maximum
and minimum along this new convolution profile. Subpixel accuracy for finding these points was
obtained by interpolation using a second order curve. In this study, the method for determining
crack separation is modified for simplicity. Perpendicular grayscale profiles are convoluted with
a Laplacian-like filter ([-1 -2 -3 12 -3 -2 -1]) to yield a new profile that approximates the second
derivative of the original grayscale profile (Fig. 4.5c). In image analysis, the location of the edge is
typically defined by the inflection point of the grayscale profile, or where the second derivative is
zero. Thus, these points are located by finding where the convoluted profile equals zero (Fig. 4.5c).
Since these zero-crossover points may not lie on a pixel location, linear interpolation is used to
determine the subpixel location. The crack separation is the distance between the two detected
edges of the crack. Since there are situations where spurious edge detection can result because
of grayscale variation within regions that should be considered cracks, an additional condition on
grayscale value is imposed on any detected inflection point: the average grayscale value of the
next five pixels in the direction away from the crack midline must be greater than or equal to a
user-defined grayscale value. This value is the same one defined by the user for thresholding the
crack regions during the crack route finding step (see Section 4.2.3). Finally, crack separations were
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Figure 4.5: Example illustrating the process for finding crack separations. (a) A profile is obtained per-
pendicular to the crack route. (b) Grayscale value versus pixel position along profile is plotted.
(c) The grayscale profile is convoluted using the filter [-1 -2 -3 12 -3 -2 -1]. The edges are
determined by the locations where the convoluted profile crosses zero.
not measured at junctions to avoid incorrect detection due to the intersecting crack.
Images for the 2D and 3D panels impacted with 33, 58, 82, and 100 J were analyzed using this
crack measuring program. Specifically, the program was used to measure delaminations, generating
contour distance versus separation curves (Fig. 4.6). Four delamination properties of particular
interest were contour length, cross-sectional area, average separation, and delamination extent.
Contour length was found by summing the lengths of segments between route points. Cross-
sectional area, the area of the delamination on the cross-section, was estimated by integration of the
contour distance versus separation curves using the trapezoidal rule. The average separation was
estimated by dividing the cross-sectional area by the contour length. This method was employed,
rather than directly averaging separation measurements, to account for variations in the distance
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(b)
Figure 4.6: An example of the crack route and separations for a segment of delamination in a glass/epoxy
composite determined by the semi-automated program: (a) the program generated crack route
(yellow) and the measured separations (red) and (b) the corresponding delamination separation
versus contour distance data.
between separation measurements. The contour lengths and cross-sectional areas for each crack
were summed for each image to calculate the metrics of total contour length and total cross-sectional
area per image. In addition, delamination extent, the radius of the furthest delamination damage,
was measured for each section.
To verify that the semi-automated crack program correctly identifies the crack path and
separations, measurements were done on synthetic crack images with a defined crack separation
function on paths with a defined function. Two examples are shown in Figure 4.7 with the same
crack separation function (0.5·sin(2x + 1)) on different crack paths. Measured and calculated
crack separations versus x-position (pixel units) are also shown for these two test cases, and the
agreement is good. In addition, program generated crack separations from a cross-sectional tiled
optical image of a delamination in an impacted 3D woven composite panel were compared to
manual measurements. The program was run to determine the crack route and the separations.
Manual measurements were made at points on this program-determined crack route. Figure 4.8
shows a comparison of the manual and program-derived separation measurements, and, again, the
agreement is generally good.
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Figure 4.7: Two examples of crack measurements made on synthetic crack images with predefined crack
separations. The plots on the right show actual and measured separation versus the x-position
(units are 45 pixels).
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Figure 4.8: Comparison between program-generated and manually measured delamination separations
from a cross-sectional tiled optical image of a delamination in an impacted 3D woven glass/e-
poxy panel.
4.3 Results and Discussion
4.3.1 Qualitative Comparison of Impact Damage in 2D and 3D Woven
Composites
Images of the back-face of 2D and 3D woven panels impacted at 82 J are shown in Figure 4.9.
The outline of the areas of delamination are visible due to the translucency of the panels. In the
3D woven panel, the delaminations show greater propagation in the weft direction, while the 2D
woven panels do not exhibit this direction dependency. This behavior in 3D woven composites
subject to low-velocity impact was also observed in the study by Baucom and Zikry [60], and is
likely attributed to debonding of the surface weft tows. It should be noted that the delaminations
in the 3D woven panel impacted at 82 J closely approach the clamped region, making results at
this energy and above dependent on the geometry of the test setup.
Figure 4.10 shows cross-sections through impact damage (0° section) for 2D and 3D woven
panels impacted at 82 J. Delaminations in the 2D panel show greater undulation due to the
crimp associated with the plain weave architecture. Delaminations in the 3D system exhibit far
less undulation due to the essentially non-crimp architecture. The behavior of delaminations in
the vicinity of z-tows is of great interest because it has been proposed that these tows introduce
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Figure 4.9: Images of back-face of panels subjected to 82 J impact: (a) 2D plain woven glass/epoxy
composite and (b) 3D orthogonal woven glass/epoxy composite. Impact locations are the
center of each panel, and the circular clamping diameter is 76 mm.
toughening mechanisms to 3D woven composites. Figure 4.11 shows a section of a tiled optical
image where delaminations are seen interacting with a z-tow. The z-tow bridges the delaminations,
as it is intact throughout the entire thickness of the composite. In addition, the delaminations that
intersect the z-tow appear to deflect up and down the z-tow surface. The presence of delamination
bridging and deflection indicate toughening mechanisms are present.
1 mm
1 mm
(a)
(b)
Figure 4.10: Tiled optical images of 0°cross-sections of (a) 2D and (b) 3D woven glass/epoxy panels im-
pacted with 82 J. The center of impact is the top right corner for each image.
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Figure 4.11: Optical image of impact damage in the vicinity of a z-tow in a 3D woven panel impacted with
58 J.
4.3.2 Quantitative Comparison of Delamination in 2D and 3D Woven
Composites
The results for total contour length and total cross-sectional area per image are shown in
Figure 4.12. For 3D woven panels, the total delamination length per image shows a gradual increase
as impact energy increases until leveling off between 80 to 100 J. This plateau behavior may be the
result of delaminations approaching the clamped region of panels at higher energies. Delamination
cross-sectional area per image shows the similar trends as total delamination length per image.
2D woven panels exhibit a more erratic behavior for total delamination length per image and
delamination cross-sectional area per image, but both metrics generally increase from 33 to 82 J of
impact energy. At the two lower impact energies, 33 and 58 J, the difference between results of 2D
and 3D woven systems is small. At impact energies of 82 and 100 J, the 2D system is higher in
both metrics compared to the 3D system. These results indicate that as impact energy is increased,
the 3D woven fabric architecture provides more benefit in controlling delamination damage.
Of particular interest is the effect of fabric architecture on delamination separation. Histograms
of delamination length fraction versus delamination separation are shown in Figures 4.13 and 4.14
for each material and impact energy. With increasing impact energy, the 2D system shows a
significant shift of the distribution to higher separations. For 3D panels the shift of the distribution
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Figure 4.12: (a) Total delamination length per image and (b) cross-sectional delamination area per image
for 2D plain woven and 3D orthogonal woven composite panels impacted over a range of
energies. Error bars are ± one standard deviation.
to higher separations is also observed, but the shift is more gradual than the 2D woven case. It is
generally observed that the separations are smaller in the 3D woven case, but the difference is most
pronounced at 82 J. These results indicate that the fabric architecture in this 3D system results in
more controlled delamination separation compared to the 2D plain woven system.
Delamination extent for 2D and 3D woven panels is shown in Figure 4.15. Because the radius
of damage in 3D woven panels appears to be dependent on direction (Fig. 4.9), the warp-direction
(0°and 180°) and weft-direction (90°and 270°) sections were tabulated separately. The 2D woven
panels and the warp direction of 3D woven panels show similar delamination extents over the
range of impact energies tested. The weft direction of 3D woven panels consistently show larger
delamination extents on average than the warp direction and 2D woven panels. The results confirm
that the damage area is larger for 3D woven panels compared to 2D plain woven panels, and
that the damage is larger in the weft direction. The trends in damage area can be attributed
to the degree of interlaminar undulation. In a study on the dynamic flexural behavior of CFRP
laminates, Sa´nchez-Sa´ez et al. [61] found that 2D woven laminates exhibited less delamination,
and it was suggested that the woven architecture provided higher interlaminar and intralaminar
strength. Thus, 3D woven composite panels, which have a low degree of interlaminar undulation,
are more susceptible to the propagation of delaminations. However, since z-tows still bridge the
delaminations, damage tolerance will be high. The larger delamination diameter in the weft
direction is likely due to the debonding of weft tows on the surface. The preferential direction
of damage means that the post-impact mechanical properties of the composite panels will be
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Figure 4.13: Length fraction versus average crack separation histograms for 2D plain woven panels im-
pacted at 33, 58, 82, and 100 J.
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Figure 4.14: Length fraction versus average crack separation histograms for 3D orthogonal woven panels
impacted at 33, 58, 82, and 100 J.
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Figure 4.15: Delamination extent for 2D plain woven and 3D orthogonal woven panels versus incident
impact energy. Warp and weft directions are plotted separately for 3D woven panels. Error
bars are the range of the data.
direction-dependent, an important consideration for the testing of damage tolerance.
4.4 Conclusions
By using cross-sectional fractography combined with tiled optical imaging of low-velocity impact
damage, qualitative and quantitative comparisons of 2D plain woven and 3D orthogonal woven
composite panels were made. Images of damage interaction with z-tows in 3D woven composites
show the toughening mechanisms of delamination bridging and deflection. A semi-automated
program based on work of Chen et al. [101] was used to analyze delaminations in tiled optical
images. The quantitative results reveal that, in general, at higher energies (approximately 82 J or
more) 3D woven panels show less total delamination length per image, delamination cross-sectional
area per image, and delamination separation than the 2D woven panels. Although these trends are
modest, these results suggest that the 3D woven architecture investigated shows greater suppression
of delamination damage than the 2D plain woven architecture, due to the z-direction reinforcement.
Results for delamination extent indicate that this type of damage is more pronounced in the weft
direction of 3D woven panels and is larger than than that of 2D woven panels.
This method of analyzing delamination properties can be extended to measure other types of
damage, like shear or transverse cracks, as well as damage in other material systems. If used to
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characterize damage separation or volume, the technique can help predict the degree of damage
filling with a given self-healing system. Thus, the technique can be a valuable tool for designing the
delivery of the correct amount of healing agent.
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CHAPTER 5
SELF-HEALING OF LOW-VELOCITY
IMPACT DAMAGE IN 3D
ORTHOGONAL WOVEN COMPOSITES
5.1 Introduction
Self-healing of impact damage in fiber-reinforced composites has been previously demonstrated,
but has been limited to 2D woven systems. Bond and coworkers [65–68] used capillary-based
techniques to demonstrate healing in 2D pre-impregnated carbon/epoxy laminates. Williams et
al. [68] demonstrated 95% retention of CAI strength compared to 66% for unhealed panels using
an epoxy-based healing system. Microcapsule-based approaches to healing impact damage have
also been explored. Using the microencapsulated epoxy and latent curing agent approach, Yin
and coworkers [70] measured CAI of woven fiberglass-reinforced epoxy composites impacted up to
3.5 J, showing improved healing performance at lower impact energies and through application of
lateral pressure. Patel et al. [100] showed autonomic recovery of impact damage in 2D plain woven
composites using a DCPD-Grubbs’ catalyst microcapsule-based self-healing system. Like the study
by Yin et al., recovery of mechanical properties was improved at lower impact energies. As discussed
previously in Chapter 2, the healing performance depended on the damage separation and volume.
Delamination separations increased with increasing impact energy, and healing tests with lateral
pressure applied showed improved recovery.
Three-dimensional orthogonal woven composites possess through-thickness properties superior
those of 2D woven composites while maintaining in-plane properties close to those of traditional 2D
composites. In comparison to 2D woven composites, these materials exhibit superior interlaminar
shear strength [54], mode I and II interlaminar fracture toughness [54, 59], and impact damage
tolerance [54, 55, 60]. Incorporating a self-healing system into these types of materials has appeal
because the z-tow reinforcement provides a mechanism to limit delamination separation, and thus
damage volume (see Chapter 4). Damage volume has been shown to be a key parameter in the
degree of self-healing recovery [74, 98, 99]. Also, since the interlaminar properties of 3D orthogonal
woven composites are dominated by the z-tows, the damage resistance and tolerance of these
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composite systems could potentially be insensitive to microcapsule-based healing systems, unlike
2D woven composites systems [72,100].
In this chapter, the incorporation of a capsule-based self-healing system into a 3D orthogonal
woven glass/epoxy composite is demonstrated, and the resulting material is used to characterize
the self-healing functionality. An aqueous-based impregnation technique is used to integrate the
DCPD-Grubbs’ catalyst self-healing components into a 3D fabric prior to resin infusion. Mechanical
characterization of recovery is investigated using a flexure-after-impact protocol of double cantilever
beam impact and post-impact flexural testing. In addition, experiments and analysis are conducted
to highlight the limiting factors for self-healing systems in 3D woven composites.
5.2 Fabrication of 3D Woven Self-Healing Composites
5.2.1 Processing Technique
The 3D orthogonal reinforcement used in the this study is the same as used in Chapter 4, a
schematic of which is shown in Figure 4.1. The 3D fabric were infused with Araldite LY/Aradur
8604 epoxy system using vacuum bag resin infusion (setup shown in Figure 1.9) to yield panels
approximately 4 mm thick. After a four day room temperature cure, panels were sectioned into
samples for further testing.
To fabricate 3D woven panels with self-healing functionality, fabric was impregnated with DCPD
microcapsules and UF encapsulated catalyst microspheres (described in Chapter 3) prior to resin
infusion to avoid filtration. These components were mixed with deionized water to create an
impregnation suspension. The UF shell of the catalyst micropsheres provides a hydrophilic surface
that allows dispersion of the catalyst phase in the aqueous suspension without the use of surfactants,
which could adversely effect fiber-matrix interfacial properties. For all studies the amount of water
in the impregnation suspension was fixed at 0.62 mL/cm2 of fabric. A 1:1 mass ratio 35 µm
to 125 µm DCPD microcapsules was mixed into the water at a concentration of 0.248 g/mL of
water. UF encapsulated catalyst microspheres (
〈
d3
〉1/3 = 148 µm) were added at a concentration
of 0.075 g/mL of water. Half the suspension was poured in a tray of approximately the same size
as the fabric, then the fabric was placed in the suspension, and finally, the remaining suspension
was poured over the top of the fabric. The tray was manually agitated, and the fabric was flipped
3 times so that both sides of the fabric faced down twice. Total agitation time was about a minute.
The fabric was then passed through a nip roller with horizontally opposed cylinders spaced a fixed
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Figure 5.1: (a) Schematic of nip roller process. (b) Picture of nip roller setup used in this study.
3.9 mm apart (Figure 5.1). This step was used to removed excess suspension in a controlled fashion.
In addition, previous work on the impregnation of cotton fabric by Monllor and coworkers [103]
suggested an increased uptake of the microcapsules with the use of a nip roller. Next, the fabric was
dried in a fume hood for 3 days to allow the remaining water to evaporate. The dry impregnated
fabric was then infused and cured to give the final composite.
Three types of samples were made for mechanical testing: plain control, non-healing control
(NH), and self-healing (SH). Plain control panels were made by infusing neat 3D fabric. NH controls
were made by impregnating 3D fabric with microcapsules and UF encapsulated wax microspheres.
SH samples were made by impregnating the fabric with microcapsules and UF encapsulated catalyst
microspheres. The NH controls behave mechanically the same as SH samples, but lack healing
functionality. The manufacturing parameters for each type of panel are shown in Table 5.1. Final
samples for mechanical testing were cut from 25.4×25.4 cm panels to yield samples that were
nominally 110×16×4 mm with their long axis in the weft direction. However, a few plain control
samples used to investigate impact protocol were sectioned with their long axis in the warp direction.
5.2.2 Assessment of DCPD Microcapsule and UF Encapsulated
Catalyst Microsphere Distribution
Smaller panels were made for characterizing DCPD microcapsule and UF encapsulated catalyst
microsphere distribution. To assess the effect of microcapsule size and concentration in the impreg-
nation suspension, tests on 12.7×12.7 cm panels containing microcapsules only were conducted. Two
sizes of DCPD microcapsules, 35 and 125 µm number average diameter, were used independently
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Table 5.1: Summary of 3D woven composite panels types used for mechanical testing. All panels were
25.4×25.4 cm and made with impregnation suspensions of 400 mL deionized water.
Type Microcapsules Microcap. Conc.
in Suspension
(g/mL)
UF Encapsulated
Microspheres
Microsphere Conc. in
Suspension (g/mL)
Plain - - - -
NH 1:1 35 to 125 µm 0.248 Plain, 135 µm 0.075
SH 1:1 35 to 125 µm 0.248 10 wt% Grubbs’,
148 µm
0.075
at two concentrations each, 0.124 and 0.248 g/mL water. In addition, a trial was conducted at
a 0.248 g/mL suspension concentration with a 1:1 mass ratio of 35 to 125 µm microcapsules. To
characterize the UF encapsulated catalyst microsphere distribution, a 12.7×12.7 cm panel was made
with UF encapsulated wax microspheres with a perylene-dyed core (0.2 wt%). The impregnation
suspension consisted of 7.5 g of these mimic microspheres (〈d〉1/3 = 135 µm), 12.4 g of 35 µm
microcapsules, and 12.4 g of 125 µm microcapsules mixed with 100 mL deionized water (0.075 g/mL
water for catalyst mimic concentration and 0.248 g/mL water for microcapsule concentration).
The panels were sectioned and polished using the techniques outlined in Section 4.2.2. Mi-
crocapsule concentration and distribution analysis was carried out on two representative and
perpendicular cross-sections, as shown in Figure 5.2a. These angles were chosen to determine if
the infusion direction biased microcapsule distribution. Panels used for examining UF encapsulated
catalyst microsphere distribution were sectioned with the layout shown in Figure 5.2b. These
off-axis section angles avoid directions with strong periodicity, thus providing a more representative
sampling of the composite architecture. Since any bias of UF encapsulated wax microspheres due to
resin infusion would be seen in the microcapsule distribution, cross-sections as shown in Figure 5.2a
are not necessary for this case.
For samples used to quantify microcapsule concentration, polished sections were sputtered with
gold-palladium and imaged using brightfield reflected mode on a Zeiss Axiovert 200M inverted
optical microscope. To encompass the entire section, images were gathered and tiled automatically
using the Carl Zeiss Axiovision software. The distribution of microcapsules was analyzed by finding
the microcapsule concentration in resin-rich channels over the entire section. This analysis consisted
of three steps. First, resin-rich regions were traced out on the tiled optical images. Second, the
the traced regions were selected and thresholded to separate microcapsules (binary value of 1) from
matrix (binary value of 0). Third, the area fraction of microcapsules was extracted by finding the
area fraction of each thresholded region. The area fraction was considered a good estimator of
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Figure 5.2: (a) Schematic of sectioning layout for panels used for microcapsule distribution characteriza-
tion. (b) Schematic of off-axis sectioning layout for panels used for investigating UF encapsu-
lated wax microsphere distribution.
volume fraction (Delesse principle). The center of area for each region was used at the location so
that local microcapsule concentration versus the thickness direction (y) or sectioning direction (x)
could be found. An illustration of this process is shown in Figure 5.3.
Figure 5.4 shows an example tiled image of a sectioned 3D woven panel containing microcapsules.
The overall microcapsule concentration results for sections of all 12.7×12.7 mm microcapsule-
only panels are summarized in Table 5.2. Two trends are apparent: (1) 35 µm microcapsules
impregnate the fabric at higher concentration when compared to 125 µm microcapsules and (2)
increasing microcapsule concentration in the impregnation suspension results in higher microcapsule
concentration in the final composite. At the same impregnation suspension concentrations (0.124
and 0.248 g/mL), 35 µm microcapsules have a higher area fraction in the final composites than
125 µm microcapsules (0.179 versus .089 at 0.124g g/mL and 0.319 versus 0.189 at 0.248 g/mL,
respectively). For a 0.248 g/mL impregnation suspension concentration, impregnation with a 1:1
(a) (b) (c)
Figure 5.3: Example of process used to measure microcapsule concentration in resin-rich regions: (a) orig-
inal image with resin-rich channel, (b) manual tracing of resin-rich channel boundary, and
(c) thresholding of microcapsules in selected resin-rich channel.
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Figure 5.4: Example of tiled image of cross-section (warp direction) through a 3D woven panel containing
35 and 125 µm DCPD microcapsules.
ratio of 35 to 125 µm microcapsules yields a final area fraction of microcapsules in between the that
for panels impregnated with just 35 µm microcapsules or just 125 µm microcapsules. This ratio was
selected for panels used in mechanical testing because it provided a balance of overall microcapsule
concentration and concentration of 125 µm microcapsules, which provide more healing agent.
Figures 5.5 and 5.6 show bar plots of microcapsule concentration (area fraction) versus horizontal
and vertical image position for two cross-sections from the panel with the 1:1 ratio of 35 to 125 µm
microcapsules. The large standard deviations of concentrations indicate that locally there is much
variation in microcapsule concentration. However, the mean values indicate that there is not a
strong bias for microcapsule concentration across the sections. In the concentration versus horizontal
Table 5.2: Results for microcapsule area fraction on cross-sections of microcapsule-only 12.7×12.7 cm pan-
els.
Microcap. Area Fraction
Microcapsules Suspension Conc. (g/mL) A-section B-section
35 µm 0.124 0.19 ± 0.11 0.15 ± 0.09
0.248 0.39 ± 0.22 0.27 ± 0.14
125 µm 0.124 0.07 ± 0.07 0.19 ± 0.13
0.248 0.16 ± 0.14 0.24 ± 0.12
1:1 35 to 125 µm 0.248 0.19 ± 0.12 0.25 ± 0.17
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Figure 5.5: (a) Weft-direction cross-section through 12.7×12.7 cm 3D woven panel containing 1:1 ratio
of 35 to 125 µm DCPD microcapsules. Bar plots of microcapsule area fraction in resin-rich
regions versus (b) x-position and (c) y-position. Error bars indicate standard deviation of
measured area fractions within position range of bar.
position plots, there does appear to be an increase in concentration at the edges of the panels, but
this is attributed to higher microcapsule pickup at the edges of the fabric during the impregnation
step. These edges are sectioned off for samples used for mechanical testing.
The distribution of the perylene-dyed UF encapsulated wax microspheres (mimics of UF
encapsulated catalyst microspheres) was examined qualitatively. Fluorescence microscopy of the
composite sections was performed on a Zeiss Axiovert 200M inverted optical microscope. The
locations of the UF encapsulated wax microspheres were apparent from the fluorescence of the
perylene dye in the wax cores. A fluorescent image of an off-axis section of a panel used for
catalyst phase distribution assessment is shown in Figure 5.7. This image was brightness and
contrast enhanced to make the locations of the perylene-dyed UF encapsulated wax microspheres
more visible. From the image, they appear to be distributed through-thickness and throughout the
section without any particular vertical or horizontal segregation.
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Figure 5.6: (a) Warp-direction cross-section through 12.7×12.7 cm 3D woven panel containing 1:1 ratio
of 35 to 125 µm DCPD microcapsules. Bar plots of microcapsule area fraction in resin-rich
regions versus (b) x-position and (c) y-position. Error bars indicate standard deviation of
measured area fractions within position range of bar.
Figure 5.7: A tiled fluorescence image of perylene-dyed UF encapsulated wax microspheres in a 3D woven
composite also containing DCPD microcapsules.
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Figure 5.8: Schematic of fixture setup for (a) simply supported three-point flexural impact and (b) double
cantilever beam impact.
5.3 Mechanical Testing Protocol
5.3.1 Double Cantilever Beam Impact Testing
In FAI testing, the most common method of obtaining a beam sample with impact damage is to
cut a strip through the center of the damage zone of an impacted plate. However, some investigators
have used beams impacted in a three-point flexural configuration [50, 51]. For the work presented
here, this type of approach was used over the standard plate impact to reduce the material required
for tests. Two possible configurations were considered for the end conditions (Fig. 5.8): simply
supported or clamped. The first case, three-point flexural impact, represents the approach used
by previous authors. For this study, plain 3D woven composite beam samples (110×16×4 mm)
with the long axis in the warp direction were used to investigate this impact configuration. An
Instron 8250 drop-weight Charpy impact tower with a 25.4 mm radius of curvature impact head
was used to impact these specimens supported with a span of 40 mm. The specimens were oriented
so that the smooth tool side faced upwards. Figure 5.9 shows the typical impact damage seen in
these samples. Damage is localized with short delaminations, and significant fiber failure is seen.
Since it is desirable to obtain more extensive delamination to simulate plate impact damage and
avoid excessive fiber damage, this method of beam impact was not used in this study.
The configuration of beam impact that uses clamped end conditions (Fig. 5.8b), hereon referred
to as double cantilever beam impact (DCBI), was used as an alternative to three-point flexural
impact. A fixture was used to clamp the 110×16×4 mm specimens with a span of 40 mm and the
smooth tool side facing upwards. A schematic of the setup is shown in Figure 5.10a, and detailed
drawings of the fixture can be found in Appendix B. Impact was conducted on an Instron 8250
drop-weight Charpy impact tower with the clamping fixture set up as shown in Figure 5.10b. The
impactor used had a cylindrical shape with 25.4 mm radius of curvature. A carriage mass of
3.333 kg was dropped from various heights to deliver impact energies over a range of 0 to 8 J.
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40 mm span
Fiber damage
Figure 5.9: Image of a plain 3D orthogonal woven glass-epoxy beam (long axis in the warp direction) after
impact with 5.9 J using a three-point flexural impact configuration.
Images of fluorescently marked damage in a plain 3D woven composite samples impacted with 6 J
are shown in Figure 5.11. Damage is not highly localized like in the three-point flexural impact
case, and the specimens show the delaminations and shear cracks characteristic of impact damage
in composite plates. Since asymmetry of damage is commonly seen in samples with the long axis
in the warp direction (Fig. 5.11b), subsequent beam specimens used in this study were made with
the long axis in the weft direction.
The edges of select plain composite samples after impact (one each at 4, 6, and 8 J incident
impact energy) were polished and imaged using the tiled optical imaging technique described in
(a) (b)
Figure 5.10: (a) Schematic of DCBI fixture. (b) Image of DCBI fixture set up on drop-weight impact
tower.
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Figure 5.11: Image showing fluorescently marked damage on the edge of plain 3D woven composite beam
samples impacted with 6 J using the DCBI configuration: (a) specimen long axis in the warp
direction and (b) specimen long axis in the weft direction.
Section 4.2.2. Delamination properties were obtained using the semi-automated process described
in Section 4.2.3. The results for delamination length per edge, delamination cross-sectional area,
and average delamination separation versus impact energy are shown in Figure 5.12. All three
metrics increase with increasing incident impact energy, as expected. In Chapter 4, it was found
that average delamination separation for the same 3D woven glass/epoxy system impacted in a
plate configuration is in the range of 21-26 µm. For beam samples impacted using the DCBI setup,
the 4 and 6 J samples exhibit similar average delamination separations, while the 8 J sample shows
a much larger average delamination separation. Thus, the 4 and 6 J DCBI cases are representative
of damage volumes seen in low-velocity impact a panels, while DCBI at higher energies may yield
damage volumes that are unique to the setup.
5.3.2 Flexure-after-Impact Testing
To characterize the effect of impact damage on mechanical properties and to determine the
degree of recovery in SH specimens, post-impact flexural tests were conducted. Two options were
available: three-point and four-point flexural tests. In four-point flexural tests, the damage region
is placed under uniform bending stress. For three-point flexural tests, the peak bending stresses
are at the loading nose and shear forces are also applied to the damaged region. In both cases the
presence of matrix damage, mainly delaminations, is expected to reduce flexural strength. In the
three-point flexural case, the application of shear forces on impact damage should also result in a
significant drop in flexural stiffness in damaged specimens [52].
The geometry and testing conditions for three-point and four-point flexural tests are shown in
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Figure 5.12: Results of characterization of delamination damage in 3D woven composite samples impacted
using the DCBI setup: (a) total delamination length and cross-sectional area per edge ver-
sus incident impact energy and (b) average delamination separation versus incident impact
energy. Error bars are ± one standard deviation.
Table 5.3. Testing was conducted on an MTS hydraulic load frame (Model 312.21, 250 kN capacity).
The span to thickness ratios do not meet the 32:1 requirement laid out by the ASTM D790 [104] and
D6272 [105] standards for laminated composites, but since these tests were used for comparative
studies rather than determining material properties, the tested spans were considered acceptable.
Center-point deflection for four-point flexural tests was monitored using image tracking of the
bottom edge of the center of the sample. Plain composite samples (110×16×4 mm) impacted
from 0 to 8 J were tested in three-point and four-point flexure to determine the reduction in
flexural properties with impact damage. A summary of samples for flexural testing can be found in
Tables 5.4 and 5.5.
The three- and four-point FAI results for plain 3D woven samples are shown in Figures 5.13
and 5.14. Flexural strength, flexural modulus, and 0.1% strain offset stress are shown. The 0.1%
offset stress is defined in an analogous fashion to an offset yield stress and was investigated as a
property that was more sensitive to impact damage than flexural strength (the max flexural stress).
The choice of a 0.1% strain offset was made because it accurately indicated the onset of flexural
failure in the form of buckling failure on the compressive face of the sample. The 0.1% offset stress
Table 5.3: Geometry and displacement rate of three-point and four-point flexural tests.
Test Type Outer Span Inner Span Support Dia. Loading Dia. Disp. Rate
(mm) (mm) (mm) (mm) (mm/min)
3-point 64 - 5.0 9.5 1.70
4-point 80 40 5.0 6.38 2.78
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Table 5.4: Composite specimens tested with three-point flexure.
Type Impact Energy (J) No. of Samples
Plain 0 4
2.0 4
4.0 4
6.0 4
8.0 4
NH 0 2
6.0 2
SH 6.0 2
Table 5.5: Composite specimens tested with four-point flexure.
Type Impact Energy (J) No. of Samples
Plain 0 5
2.0 5
3.0 4
4.0 5
6.0 5
8.0 5
Epoxy reference 4.0 4
6.0 4
NH 0 4
4.0 4
SH 4.0 4
Self-activated 4.0 2
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Figure 5.13: Flexural strength, flexural modulus, and 0.1% offset stress for three-point FAI tests of plain
specimens. Error bars are ± one standard deviation.
for four-point FAI is more sensitive to impact damage than for three-point FAI and shows more
consistency. As a result, four-point FAI was used for a majority of testing.
To determine the recovery expected with ideal healing, epoxy reference samples were tested.
Plain 3D woven composite samples that were impacted with 4 and 6 J were vacuum-infused with the
Araldite LY/Aradur 8604 epoxy system and allowed to cure for 96 hours. With the use of the same
epoxy system as the composite matrix, the adhesion of the infiltrated epoxy to the matrix is likely
high. Four-point FAI results for epoxy reference tests are shown with the plain composite results in
Figure 5.14 and demonstrate that substantial recovery of flexural properties is achievable. It should
be noted that epoxy reference samples with 6 J impact energy show greater recovery after healing
than those impacted at 4 J. This counterintuitive result is most likely because the damage from a
6 J impact has better percolation and is thus more thoroughly filled during epoxy infiltration.
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Figure 5.14: Flexural strength, flexural modulus, and 0.1% offset stress for four-point FAI tests of plain
and epoxy reference specimens. Error bars are ± one standard deviation.
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5.4 Flexure-after-Impact Testing of Self-Healing 3D Woven
Composites
5.4.1 Non-Healing Controls
Non-healing (NH) controls were made by impregnating 3D fabric with microcapsules and UF
encapsulated wax microspheres. The NH controls behave mechanically the same as SH samples,
but lack healing functionality. In addition, the effect of embedding self-healing components into
the 3D woven composite on mechanical properties can be investigated with these samples. The
results for four-point FAI for NH controls are shown in Figure 5.15 and indicate that the NH
samples match the performance of plain 3D composite samples. The undamaged four-point flexural
strength, modulus, and 0.1% offset stress are unaffected, indicating no detrimental effect of self-
healing components. In addition, residual flexural properties after impact are unaffected. It can
be concluded that the incorporation of self-healing components does not appreciably affect flexural
properties and FAI performance, both by their presence and by the impregnation process used to
incorporate them. This result is in contrast to studies of 2D woven composite systems with similar
self-healing components [72, 100], indicating that the interlaminar properties of 3D orthogonal
woven glass/epoxy composites are dominated by the z-tow reinforcement rather than properties of
the epoxy matrix. As a result, 3D woven composite systems exhibit significant tolerance to the
integration of microcapsule-based self-healing systems.
5.4.2 Self-Healing Samples
Four-point FAI tests conducted on a limited set of SH samples (results shown in Figure 5.15)
demonstrate that no recovery of flexural strength, modulus, or 0.1% offset stress is apparent. SH
and NH samples were also tested with three-point FAI to examine recovery in flexural modulus.
The results in Figure 5.16 indicate some recovery in flexural modulus is obtained, but this recovery
drops off at fairly low stress levels. This behavior suggests that the self-healing material adheres
the crack faces together, but fails at low loads due to low adhesion and/or incomplete coverage.
5.5 Challenges of Self-Healing in 3D Woven Composites
The lack of recovery in SH samples indicates there are challenges to this approach for healing
impact damage in 3D orthogonal woven composites. The poor healing response is likely related
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Figure 5.15: Flexural strength, flexural modulus, and 0.1% offset stress for four-point FAI tests of NH,
SH, and self-activated specimens. Results for plain specimens are repeated for comparison.
Error bars are ± one standard deviation.
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Figure 5.16: Three-point flexural modulus versus flexural stress for virgin NH samples, NH samples im-
pacted with 6 J, and SH samples impacted with 6 J.
to one or all of the following issues: limitations of volume of healing agent delivered, adhesion
of healed material to matrix, and limited propagation distance for healed material from catalyst
locations. Previous authors have shown that the degree of healing is strongly correlated with the
ability to deliver enough healing agent to fill the damage volume [74,98,99]. The inadequate delivery
of healing agent may be a factor in poor healing performance in the system used in this study.
The adhesive strength of poly-DCPD is critical to self-healing performance, as well. The epoxy
reference samples show that almost full recovery of flexural properties is possible, but the adhesion
of the infiltrated material to the matrix is likely excellent because they are the same material. The
adhesion of poly-DCPD to the epoxy matrix is likely much weaker, and thus a significant limitation
on the upper bound of recovery. Finally, the distance along the crack plane that UF encapsulated
Grubbs’ catalyst microspheres can propagate polymerization of DCPD may be a limiting factor.
Because the 3D orthogonal weave creates isolated resin-rich channels, and self-healing components
reside exclusively in these areas, the distance the healing agent must polymerize to reach tow
overlap regions is significant. Thus, even if unlimited healing agent is supplied, incomplete filling of
the damage volume with poly-DCPD may occur.
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5.5.1 Limitations of Volume of Healing Agent Delivered
With the self-healing system used in this study, it is possible to estimate the the maximum
delamination separation that can be completely filled using Equation 2.3. Since microcapsules
are isolated in only the resin-rich regions, the available volume is scaled by the area fraction of
delamination within resin-rich channels (α) to yield the maximum fillable delamination separation
in 3D woven composites:
Smax,3D = Φcdcα. (5.1)
The parameter α can be estimated by using the geometry of the 3D fabric, and it is approximately
0.35 for the fabric used in this study. Given the 1:1 mass ratio of 35 to 125 µm microcapsules, dc
can be estimated as the arithmetic average microcapsule diameter (80 µm). The local microcapsule
volume fraction, Φc, is just the average area fraction from the microcapsule concentration analysis
(0.23). Incorporating these values into Equation 5.1 gives an Smax,3D of 6.44 µm. In the damage
characterization results shown in Figure 5.12, the plain composite sample impacted with 6 J showed
an average delamination separation of approximately 27 µm, which is far larger than Smax,3D for
the self-healing system and suggests a low degree of damage filling and recovery.
To test recovery in the case of unlimited healing agent delivery, four-point FAI was conducted
for self-activated samples. These samples were SH panels that were vacuum-infused with distilled
DCPD and cured for 24 hours after impact. The FAI results are shown in Figure 5.15, but these
specimens show no recovery in flexural properties. Since self-activated samples simulate a system
with complete damage filling by the healing agent, the results indicate that inadequate healing
agent volume is not the sole limiting factor for SH samples.
5.5.2 Adhesion of Healed Material to Matrix
Lap shear testing (ASTM D3163 [106] and D1002 [107]) was conducted to determine the adhesive
strength of poly-DCPD to Araldite LY/Aradur 8604 epoxy substrates. Poly-DCPD samples were
prepared with three different concentrations (0.20, 0.50, and 0.75 wt%) of freeze-dried Grubbs’
catalyst in distilled endo-DCPD. Substrates were 75×25×3 mm with an overlap of 15 mm. The
overlap regions were bonded together with the DCPD-Grubbs’ catalyst solutions and allowed
24 hours to cure. Lap shear specimens were also made with Araldite LY/Aradur 8604 substrates
bonded with Araldite LY/Aradur 8604. These samples were tested to understand the difference in
FAI performance between SH composites and epoxy reference samples. Subtrates were 75×25×5 mm
with an overlap of 5 mm. The increased thickness and reduced overlap were needed to prevent
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Figure 5.17: Failure stress versus weight percent of Grubbs’ catalyst for lap shear tests of poly-DCPD on
Araldite LY/Aradur 8604 and Epon 828/DETA substrates. Data for 828/DETA substrates
is reproduced from Wilson [108].
substrate failure for this type of sample. Substrates were bonded with 10 µL of the standard 100:15
mass ratio of Araldite LY/Aradur 8604 and were cured for 96 hours at room temperature. Lap shear
testing for poly-DCPD samples was conducted on a custom screw driven load frame with cross-head
speed of 1.2 mm/min. Araldite LY/Aradur 8604 samples were tested on an MTS hydraulic load
frame (Model 312.21, 100 kN capacity) with cross-head speed of 1.2 mm/min.
The poly-DCPD lap shear results are shown in Figure 5.17, along with previous results of
poly-DCPD on Epon 828/DETA substrates obtained by Wilson [108]. With increasing catalyst
concentration, the lap shear strength of poly-DCPD increases, reflecting trends seen in previous
Epon 828/DETA substrate data.
For lap shear samples adhered with Araldite LY/Aradur 8604, the failure stress is 11.8 ± 1.1 MPa,
far greater than poly-DCPD adhered samples at the highest Grubbs’ catalyst concentration.
The high failure stress for epoxy samples explains why epoxy reference samples show almost
full recovery in FAI tests. In contrast, the relatively low adhesive strength of poly-DCPD on
Araldite LY/Aradur 8604 limits the recovery of DCPD-Grubbs’ catalyst microcapsule-based healing
sytems in 3D woven composites.
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Figure 5.18: A tiled optical image of cross-section through a self-activated sample impacted with 6 J.
The magnified region shows healed material in the vicinity of microcapsules and catalyst
microspheres.
5.5.3 Propagation of Healed Material around Catalyst Particles
Propagation distance of healed material around catalyst particles was explored to determine
its effect on healing. A tiled optical image of a cross section through a self-activated sample
(Fig. 5.18) shows that healed material filling damage near the locations of UF encapsulated catalyst
microspheres. However, in tow overlap regions, which are approximately 3 mm in length, no healed
material is seen.
To estimate the propagation distance of healed material around catalyst particles in the
composite system, a few polymerization distance experiments were conducted on glass slides. The
aim of these experiments was to roughly simulate a crack and image the distance of propagation of
the polymerization reaction from a source of wax-encapsulated Grubbs’ catalyst. Wax-encapsulated
Grubbs’ catalyst at two concentrations, 10 and 20 wt%, was investigated. Small flakes of wax-
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Figure 5.19: Image of polymerization distance experimental setup for 10 wt% wax-encapsulated Grubbs’
catalyst.
encapsulated Grubbs’ catalyst were placed on the center of a 75×25 mm glass slide and melted on
a hot plate to yield a circular region of wax-encapsulated catalyst. Quick-set epoxy was mixed with
a low concentration of 53 µm glass spacer beads and applied to the edges of a second glass slide.
Then, while heating the first slide to melt the wax-encapsulated Grubbs’ catalyst, the second slide
was placed on top and lightly depressed so that the wax-encapsulated catalyst region contacted
both slides. The slides were quickly removed from the hot plate to cool and solidify the wax, and
the epoxy was cured to bond the slides together with a separation set by the glass beads. An image
of the setup is shown in Figure 5.19. Distilled endo-DCPD, delivered via a glass microliter syringe,
was used to pre-wet the gap between the slides, and the setup was then submerged in a petri
dish of distilled endo-DCPD. Submersion in DCPD prevented the evaporation of DCPD between
the slides during curing. After curing for 24 hours, samples were removed from the DCPD, and
the remaining liquid DCPD was evaporated from the samples for 24 hrs in a fume hood. Images
were then taken of the region of wax-encapsulated Grubbs’ catalyst to determine the propagation
distance of polymerization (Fig. 5.20). The polymerized region is visible as a transparent band
around the region of wax-encapsulated Grubbs’ catalyst. Measurements taken from these images
show an average propagation distance of 0.70 mm and 0.82 mm for the 10 wt% and 20 wt% catalyst
concentrations in wax, respectively.
The damage in the tiled image shown in Figure 5.18 can be traced to yield a skeleton of all
damage (Fig. 5.21a) and the damage that is filled with healed material (Fig. 5.21b). The portions
of the damage skeleton that would be expected to heal were estimated using the polymerization
propagation distance from slide experiments for 10 wt% Grubbs’ catalyst (0.70 mm). The locations
of ruptured UF encapsulated catalyst microspheres was determined manually from the tiled image.
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Figure 5.20: Images of polymerized DCPD surrounding wax encapsulated Grubbs’ catalyst in polymeriza-
tion distance slide experiments for (a) 10 wt% and (b) 20 wt% catalyst loading.
A MATLAB® script was written to find the nearest points on the damage skeleton (seed points)
for each ruptured catalyst microsphere location. The same script then recursively advanced along
the skeleton away from these seed points until propagating 0.70 mm. The resulting skeleton of
expected healed damage is shown in Figure 5.21c. From the damage skeletons shown in Figure 5.21,
the estimated healed damage length was 41.3% of the total damage length, while the actual healed
percentage was 30.8%. In addition, there is good spatial matching of the regions that were expected
to heal and those regions that did heal. The reasonable agreement between estimated and actual
healed damage suggests that catalyst curing distance is a limitation for self-healing in 3D woven
composites with a DCPD-Grubbs’ catalyst microcapsule-based system.
A modified self-healing panel was made to overcome limitations of polymerization propagation.
Since UF encapsulated catalyst microspheres are limited to the resin-rich regions, a supplementary
method of delivering catalyst was required. Blaiszik et al. [71] used a DCPD-Grubbs’ catalyst
healing system to recover interfacial shear strength in single-fiber testing. To incorporate the
catalyst phase, glass fibers were functionalized with Grubbs’ catalyst using a dip-coat method
prior to functionalization with DCPD capsules. This step involved soaking a tow of fibers in a
1 wt% solution of Grubbs’ catalyst in benzene. Adopting this approach, 3D orthogonal woven
fabric was dip-coated in a 1 wt% solution of Grubbs’ catalyst in benzene. After vacuum drying the
benzene, the 3D fabric contained 0.7 wt% Grubbs’ catalyst, as determined by weight gain. This
pre-coated fabric was then used in the impregnation process described in Section 5.2.1 with the
same concentration of self-healing components as the original SH samples. However, an 85:15 mass
ratio of 125 µm to 35 µ DCPD microcapsules was used instead of the 1:1 ratio in an attempt to
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Figure 5.21: Skeletons of (a) damage, (b) actual healed damage, and (c) estimated healed damage (as-
suming 0.7 mm polymerization propagation distance) from the tiled optical image shown in
Figure 5.18. The ruptured UF encapsulated catalyst microsphere locations are overlaid with
red dots.
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significantly increase the volume of healing agent delivered to the damage. It was believed that the
presence of Grubbs’ catalyst in UF encapsulated catalyst microspheres and on the surface of fibers
would promote healing in all regions, including the tow overlap regions.
Upon infusion of the epoxy system, the Grubbs’ catalyst that was coated on the fibers turned
a deep brown, indicating significant deactivation of this unprotected catalyst by amines in the
curing agent. Four-point FAI was conducted on these modified SH samples. An undamaged
sample, a sample that was impacted with 4 J and given no time to heal, and a sample impacted
with 4 J and allowed to heal for 24 hours were compared. No recovery of flexural properties
was seen for the damaged sample that was healed for 24 hours when compared to the damaged
sample that was not given any time to heal. These results indicate that the modifications made
to the self-healing samples were not successful at improving recovery of residual flexural properties.
Although deactivation of the unprotected catalyst on the fibers can explain the results, one cannot
discount the lack of complete damage filling or the low adhesion of poly-DCPD to the matrix.
5.6 Conclusions
The work presented here demonstrates a viable technique for incorporating a DCPD-Grubbs’
catalyst microcapsule-based healing system into a 3D orthogonal woven composite. Self-healing
components are impregnated into the 3D woven fabric via an aqueous suspension of DCPD
microcapsules and UF encapsulated catalyst microspheres, and the dried fabric was infused with
an epoxy matrix via vacuum bag resin infusion. Quantitative analysis of microcapsule distribution
shows local variations in microcapsule concentration but no global bias across the panels. Qualitative
analysis of a catalyst phase mimic shows reasonable distribution as well.
Mechanical characterization was conducted using a flexure-after-impact protocol. Damage was
induced with double cantilever beam impact, and post-impact mechanical characterization was
achieved via three- and four-point flexural testing. Four-point FAI shows that non-healing control
samples exhibited no loss of undamaged and damaged flexural strength, modulus, and 0.1% offset
stress compared to equivalent plain controls, indicating that the self-healing components do not
adversely affect flexural properties in 3D orthogonal woven composites. Four-point FAI tests on
self-healing samples show no recovery, while 3-point FAI tests only show minor recovery of flexural
modulus.
The lack of FAI recovery for self-healing samples highlights three challenges to self-healing in 3D
orthogonal woven composites: limitations of volume of healing agent delivered, adhesion of healed
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material to matrix, and limited propagation distance for healed material from catalyst locations. The
discrepancy between the estimated maximum fillable delamination separation and measured average
delamination separation indicate that the amount of healing agent is insufficient to achieve complete
filling of damage volume. Lap shear testing reveals that the adhesive strength of poly-DCPD to the
Araldite LY/Aradur 8604 epoxy matrix is relatively weak compared to Araldite LY/Aradur 8604 on
Araldite LY/Aradur 8604, thus limiting the achievable recovery. Finally, investigation of catalyst
polymerization distance shows that UF encapsulated catalyst microspheres, which are restricted to
resin-rich regions, have a limited ability to polymerize into tow overlap regions, so the degree of
damage filling is low. The listed factors have a combined effect in preventing significant recovery in
self-healing 3D orthogonal composites with microcapsule-based DCPD-Grubbs’ catalyst systems.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK
6.1 Conclusions
In this work, the application of self-healing polymeric matrices to the autonomic repair of low-
velocity impact damage in fiber-reinforced composites was investigated. A DCPD-Grubbs’ catalyst
microcapsule-based healing system was integrated in the epoxy matrix of fiberglass-reinforced
woven composite panels. The initial work on 2D plain woven composites demonstrated recovery of
impact damage, but also highlighted key limitations related to damage resistance. To address the
reduced damage resistance seen in self-healing panels, studies were conducted to explore the effect
of encapsulating catalyst microspheres with urea-formaldehyde. In addition, a DCPD-Grubbs’
catalyst self-healing system was integrated in 3D orthogonal woven composites, as this type of
weave was believed to provide a more amenable system to a microcapsule-based self-healing system.
The work on 2D woven composites showed that the degree of recovery depended on the degree of
damage, so a study was conducted to compare damage in 2D plain woven and 3D orthogonal woven
composites. Finally, a process was developed to integrate the self-healing system into these 3D
woven composites, and the resulting samples were mechanically characterized to probe recovery.
For self-healing 2D woven composites, hand layup was used to incorporate DCPD microcapsules
and wax-encapsulated Grubbs’ catalyst into a 4-layer plain woven composite. Low-velocity drop-
weight impact was used to induce damage over a range of energies. A 51% reduction in the
total crack length per image was observed, indicating significant filling of impact damage with
self-healing material. In addition, optical microscopy of polished cross-sections through impact
damage confirmed the filling of damage with poly-DCPD. Compression after impact was used to
determine the post-impact recovery in self-healing panels. The results indicated that recovery was
dependent on the degree of damage. Although the threshold impact energy for residual compressive
strength drop-off was observed to almost double for self-healing panels, the recovery decreased with
increasing impact energy. This behavior was believed to be the result of the degree of damage
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filling, which decreases as impact energy and damage separation increase. Panels impacted at
the highest energy were healed under pressure and showed improved recovery, thus confirming
this hypothesis. The 2D woven composite studies also demonstrated that the incorporation of
self-healing components reduced damage resistance, as total crack length per imaged edge increased
significantly with the incorporation of the wax microspheres.
To reduce the detrimental effect of catalyst microspheres on damage resistance in composites,
UF encapsulated catalyst microspheres were investigated. A viable technique for UF encapsulating
wax-protected catalyst microspheres in the solid state was demonstrated. Fracture tests were
conducted to explore the effect of UF encapsulation of wax microspheres on mode I fracture
toughness, and the results showed that the addition of the UF shell wall increases KIC . Impact
damage in composite panels containing wax microspheres or UF encapsulated wax microspheres
was visualized using fluorescent marking of cracks, and the images were used to quantify the extent
of delamination. The results showed that the UF encapsulation of wax microspheres increased
composite impact damage resistance.
One of the motivations for exploring self-healing 3D woven composites was that the architecture
would be more amenable to self-healing. The through-thickness reinforcement of the z-tows, which
provide these systems with superior transverse properties, was believed to provide a mechanism
of limiting delamination separation through bridging. Quantitative studies were conducted on 2D
plain woven and 3D orthogonal woven composite panels impacted over a range of energies. Cross-
sectional fractography was used to investigate the impact damage, and tiled optical imaging of the
polished cross-sections yielded high resolution images of large areas that were used for analysis. The
z-tow toughening mechanisms of delamination bridging and deflection were directly observed. A
semi-automated approach based on the work of Chen et al. [101] was used to quantify delamination
properties. The quantitative results reveal that, in general, at higher energies (approximately 82 J or
more) 3D woven panels show less total delamination length per image, delamination cross-sectional
area per image, and delamination separation than the 2D woven panels. Extent of delamination
was larger for 3D woven composites, particularly the weft direction. The results suggested that the
3D woven architecture investigated shows more control on delamination damage than the 2D plain
woven architecture, possibly due to the z-direction reinforcement, and may provide a viable system
for microcapsule-based self-healing at higher impact energies.
To investigate self-healing in a 3D orthogonal woven system, a microcapsule-based DCPD-
Grubbs’ catalyst system was integrated via a pre-impregnation process. An aqueous suspension of
DCPD microcapsules and UF encapsulated catalyst microspheres was used to incorporate the self-
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healing components into the fabric prior to resin infusion. UF encapsulated catalyst microspheres
were used because they dispersed in the aqueous suspension without use of surfactant, which could
potentially disrupt the fiber-matrix interface. Quantification of microcapsule concentration in the
final panels showed that although there were large variations in local microcapsule concentration,
there were not any large-scale inhomogeneities. Adequate distribution of the catalyst phase was
confirmed with qualitative analysis of the incorporation of perylene-dyed UF encapsulated wax
microspheres, which were used to mimic UF encapsulated catalyst microspheres.
The mechanical performance of self-healing panels and controls was determined by flexure after
impact. Impact damage was induced via double cantilever beam impact, and post mechanical
characterization was achieved with three-point and four-point flexure. Tests on epoxy reference
samples indicated that this protocol was appropriate for exploring mechanical recovery in self-
healing composites. The flexure-after-impact results for undamaged and impacted non-healing
controls indicated that the incorporation of self-healing components did not adversely affect
pre- and post-impact performance. Tests on self-healing panels did not demonstrate significant
mechanical recovery. The lack of healing in self-healing samples was attributed to three main
limitations: limitations of volume of healing agent delivered, adhesion of healed material to matrix,
and limited propagation distance for healed material from catalyst locations. An estimate for the
maximum fillable separation for the 3D system was compared to measured values for delamination
separation, revealing that an adequate amount of healing agent was not available for substantial
damage filling. Lap shear tests showed that the adhesion of poly-DCPD to the epoxy matrix was
low, especially when compared to the adhesion of the epoxy system to itself. Slide experiments
and self-activated composite cross-section analysis demonstrated that the catalyst phase, which
is restricted to resin-rich regions, was not able to polymerize DCPD in the tow-overlap regions,
thus limiting the degree of damage filling. All three factors have a combined effect in preventing
significant recovery in self-healing 3D orthogonal composites with a microcapsule-based DCPD-
Grubbs’ catalyst system. In an attempt to eliminate the limitation of insufficient polymerization
propagation, self-healing 3D woven composites were modified by functionalizing fibers with Grubbs’
catalyst. However, due to deactivation of this unprotected catalyst, no FAI recovery was observed.
6.2 Future Work
The work on self-healing 3D woven glass/epoxy composites highlights the limitations of using
a system based on DCPD and first generation Grubbs’ catalyst. Two major drawbacks of this
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system are the low adhesion to the epoxy matrix and the requirement that first generation Grubbs’
catalyst be protected in wax microspheres. However, Wilson et al. [108–110] have demonstrated
a self-healing system based on second generation Grubbs’ catalyst that shows better adhesion to
epoxy and does not require that the catalyst be wax-encapsulated. Second generation Grubbs’
catalyst has been shown to react with amines to form stable complexes that are still reactive
with DCPD, thus eliminating the need to wax-encapsulate it [110]. In addition, 2nd generation
Grubbs’ has been shown to be reactive with dimethyl norbornene ester, which can act as a adhesion
promoter [108]. This system should be explored because it provides an immediate option for
improving the performance of self-healing 3D woven composites with a DCPD-Grubbs’ catalyst
healing system.
More generally, the work on woven composites points to some important remaining challenges
and future directions for self-healing woven composites. In any healing system, the two key factors
in determining successful mechanical recovery are the healing agent to damage volume ratio and
the adhesive strength of the healed material to the matrix. In fact, these two factors can be
interrelated, as an increased adhesion can offset lack of complete damage filling. In terms of damage
volume, the completed work demonstrated that the damage from low-velocity impact is often too
large in volume and separation to heal with a microcapsule-based self-healing system. Increased
healing agent delivery can be achieved by increased microcapsule loading, but this can result in a
reduction of damage resistance. In addition, there are fundamental and processing limits on the
amount of microcapsules one can embed in a composite system of sufficient fiber content. Thus,
it would be desirable to incorporate a self-healing system that has a much higher healing agent
delivery volume, while still maintaining a low volume fraction. Such a system is possible with a
microvascular approach. While microcapsule-based self-healing systems present a simple method of
incorporation into woven composites, microvascular systems typically do not. However, the method
of incorporating microchannels via the use of a sacrificial filament or fiber is being developed and
should be investigated for use in self-healing of composites.
While the amount of delivered healing agent can be greatly increased by use of a microvascular
networks, increasing the adhesion of the healed material to the epoxy matrix is essential to
maximizing performance. While epoxy-containing microcapsules have already been shown [111–113],
work is still ongoing to encapsulate amine curing agents. When amine encapsulation and the
subsequent epoxy-amine healing system are successfully demonstrated, composite panels containing
this system should be testing for recovery of impact damage. The increased adhesion may result
in greater recovery, despite a low degree of damage filling. A microvascular approach with an
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epoxy-amine healing system has already been shown to heal internal damage [114], so the epoxy
systems used can be translated to a microvascular healing system in a fiber-reinforced composite.
Thus, composite panels with microvascular systems fabricated using a sacrificial fiber approach can
be filled with epoxy-amine healing chemistries. These types of panels should be investigated for
recovery of impact damage. Because this type of system can theoretically deliver a large amount
of healing agent that bonds well with the matrix, the primary technical challenge will be to ensure
adequate mixing of the two-component healing system in the crack plane.
While low-velocity impact usually results in relatively large damage volumes, there are other
types of damage that may be more amenable to healing with a microcapsule-based system.
Transverse cracks in cross-ply laminates is such an example, and work is ongoing to investigate
healing in these systems with an epoxy-based healing system. Another potential application is
the healing of fatigue damage in fiber-reinforced composites. The growth of existing damage
or the initiation of new damage under cyclic loading can significantly reduce the lifetime of a
composite part and often requires conservative design of structures. For 3D composite systems
in particular, Mouritz and coworkers [115, 116] showed that increasing z-direction reinforcement in
stitched, 3D woven, and z-pinned composites led to decreasing fatigue life in tension. Previous work
has successfully demonstrated retardation and arrest of fatigue cracks in epoxy [8–10] using the
microcapsule-based DCPD-Grubbs’ catalyst system. There is potential to extend these experiments
to fiber-reinforced composite materials.
Finally, UF encapsulation of catalyst microspheres was explored for improvements in fracture
toughness and damage resistance, but another potential benefit is increased chemical protection.
This material should be investigated for its barrier properties to amine curing agents and other
deactivating matrix components. Other shell wall materials (e.g. poly(melamine-formaldehyde) or
polyurethane) could also be explored for improvements to mechanical performance and chemical
protection.
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APPENDIX A
CODE FOR CRACK ANALYSIS
This appendix contains the MATLAB® code used to implement a semi-automated scheme for
finding crack routes and separations.
A.1 Main Program – cracksep main.m
Th following code is the main routine used to find the crack route and separations by calling
functions and then recording the results:
1 % Crack separation program
2 % 1. Finds crack path using inputted seed points
3 % 2. Measures crack separations perpendicular to crack path along crack's
4 % length
5 % 3. Records separation vs. contour length
6 % 4. Reports crack contour length, area, average separation, and
7 % measuring parameters used by program
8
9 clear
10 clc
11
12 % Make these variables global so functions can access directly
13 global I I2 profile width interval background level;
14
15 % Set parameters used by program to measure crack
16 scale = 1/.470; %microns per pixel of image
17 profile width = 60; % pixel width of profiles used for calculating crack center and
crack separation
18 interval = 100/scale; % nominal interval between route points (in pixels)
19 background level = 125; % grayscale level (out of 255) used to threshold for finding
crack centers
20
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21 % Name of sample cross−section and crack
22 section name = 'III−150−8';
23 crack name = 'Delam06';
24
25 % Fullpath filename used by program
26 image filename = ['/media/Data/Research/Pictures/Composites/VARTM Panels/3D Woven/III
−150/',section name,',tiled.TIF']; % full path and filename for image
27 rough path filename = ['/media/Data/Research/Data/Crack Separation/RoughPaths/',
section name,',',crack name,'.txt']; % file from which to read key crack points
28 sep vs length filename = ['/media/Data/Research/Data/Crack Separation/Results/
sep vs cont length−',section name,',',crack name,'.txt']; % file to write
separation vs contour length to
29 crack summary filename = ['/media/Data/Research/Data/Crack Separation/Results/
crack summary−',section name,'.txt']; % file to write overall crack values to
30
31 % Read in image from file
32 I = imread(image filename);
33 D = size(I);
34 I2 = I; % Store a copy that won't be altered
35
36 % Read in row and column coordinates of seed points along crack and which
37 % are junctions from text file
38 [nodesC,nodesR,isJunction] = textread(rough path filename,'%d %d %u','headerlines',1);
39 isJunction = logical(isJunction);
40
41 % Calculate the crack route
42 [route,new isJunction] = crackroute([nodesR';nodesC'],isJunction); % Returns route/
path of crack as row/column coords and array indicating which points are junctions
43
44 % Calculate separations at each route point
45 [separations,edge1,edge2] = cracksep(route,new isJunction); % Returns separations and
locations of detected edges on perpendicular profiles at those points
46
47 % Display route and separations overlayed on image I
48 figure(1)
49 imshow(I,'Border','tight')
50 line(route(2,:),route(1,:),'LineStyle','−','Marker','x','Color','b')
51 line([edge1(1,:);edge2(1,:)],D(1)−[edge1(2,:);edge2(2,:)],'LineStyle','−','Color','r')
;
52 axis([min(route(2,:))−100 max(route(2,:))+100 min(route(1,:))−100 max(route(1,:))
+100])
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54 % Calculate and display contour length of selected crack
55 segmentLengths = [ 0 ( (route(2,2:end)−route(2,1:end−1)).ˆ2 + (route(1,2:end)−route
(1,1:end−1)).ˆ2 ).ˆ.5];
56 contourLength = cumsum(segmentLengths);
57 crack length = contourLength(end);
58 disp([section name ': ' crack name])
59 disp(['Contour Length: ' num2str(crack length*scale/1000) ' mm'])
60
61 % Write Separation vs. Contour Length to file
62 fid = fopen(sep vs length filename,'w');
63 labels = {'x−position (mm)','y−position (mm)','Contour Length (mm)','Separation (um)'
};
64 for ii = 1:length(labels)−1
65 fprintf(fid,'%s\t',labels{ii});
66 end
67 fprintf(fid,'%s\n',labels{end});
68 for ii = 1:length(separations)
69 fprintf(fid,'%d\t',route(2,ii)*scale/1000);
70 fprintf(fid,'%d\t',(D(1)−route(1,ii))*scale/1000);
71 fprintf(fid,'%d\t',contourLength(ii)*scale/1000);
72 fprintf(fid,'%d\n',separations(ii)*scale);
73 end
74 fclose(fid);
75
76 % Remove points where measuring crack not possible (error or junction
77 % point)
78 contourLength = contourLength(separations≥0); % Remove errors
79 separations = separations(separations≥0); % Remove errors
80 route = route(:,separations≥0); % Remove errors
81
82 % Calculate and display crack area
83 crackArea = trapz(contourLength, separations);
84 disp(['Crack area: ' num2str(crackArea*scaleˆ2/1000ˆ2) ' mmˆ2'])
85
86 % Calculate and display average crack separation
87 avg sep = crackArea/(contourLength(end)−contourLength(1));
88 disp(['Average separation: ' num2str(avg sep*scale) ' microns']);
89
90 % Write contour length and average crack separation to summary file for
91 % image
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92 labels = {'Crack','Contour Length (mm)','Crack Area (mmˆ2)','Average Crack Sep. (um)',
'Profile Width (um)','Interval (um)','Background Level','Scale (um/pix)'};
93 if ¬exist(crack summary filename,'file')
94 fid = fopen(crack summary filename,'w');
95 for ii = 1:length(labels)−1
96 fprintf(fid,'%s\t',labels{ii});
97 end
98 fprintf(fid,'%s\n',labels{end});
99 fclose(fid)
100 end
101 fid = fopen(crack summary filename,'a');
102 fprintf(fid,'%s\t',crack name);
103 fprintf(fid,'%d\t',crack length*scale/1000);
104 fprintf(fid,'%d\t',crackArea*scaleˆ2/1000ˆ2);
105 fprintf(fid,'%d\t',avg sep*scale);
106 fprintf(fid,'%d\t',profile width*scale);
107 fprintf(fid,'%d\t',interval*scale);
108 fprintf(fid,'%d\t',background level);
109 fprintf(fid,'%d\n',scale);
110 fclose(fid);
111
112 % Display plot of Crack Separation vs. Contour Length
113 figure(3)
114 hold on
115 plot(contourLength*scale/1000,separations*scale,'−xr')
116 xlabel('Contour Distance (mm)')
117 ylabel('Delamination Separation (\mum)')
A.2 Routine for Finding Crack Route – crackroute.m
The following function is used to find the route (or path) of the crack:
1 function [route,new isJunction] = crackroute(roughPath,isJunction)
2 % Calculates the route of the crack on an image given seed points
3 %
4 % Inputs
5 % roughPath: the sequence of key points (row and column coords) that
6 % define crack roughly
7 % isJunction: the logical array that denotes the roughPath points that
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8 % are junctions with other cracks
9 %
10 % Outputs
11 % route: sequence of points (row and column coords) that defines the
12 % route of the crack defined by roughPath
13 % new isJunction: the logical array that denoted which points in route
14 % are junctions with other cracks
15
16 % Declare I and interval as global to allow access
17 global I interval;
18
19 D = size(I); % Calc. size/dimensions of I
20
21 m i = []; % Intitalize m i (slopes of segements between roughPath points)
22
23 % Refine the roughPath points so they lay in middle of crack and calc.
24 % the m i's
25 for ii=1:length(roughPath(1,:))
26 if isJunction(ii)6=1
27 if ii6=length(roughPath(1,:))
28 m i(ii) = (roughPath(1,ii)−roughPath(1,ii+1)) / (roughPath(2,ii+1)−
roughPath(2,ii));
29 end
30 roughPath(:,ii) = crackcenter(roughPath(:,ii),m i(end));
31 else
32 roughPath(:,ii) = junctionCenter(roughPath(:,ii));
33 if ii6=length(roughPath(1,:))
34 m i(ii) = (roughPath(1,ii)−roughPath(1,ii+1)) / (roughPath(2,ii+1)−
roughPath(2,ii));
35 end
36 end
37 end
38
39 % Calc. route along whole length of crack defined by roughPath
40 route = []; % Row and column coords of crack route
41 new isJunction = []; % A logical array defining which points are crack junctions
42 for ii=1:length(roughPath(1,:))−1
43 temp route = [roughPath(:,ii)]; % The route points between consecutive
roughPath points
44 new isJunction(length(route)+1) = isJunction(ii); % Record if roughPath point
is a junction point
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45 if distCalc(roughPath(:,ii),roughPath(:,ii+1)) > 1.5*interval % Continue if
next point will be at least 0.5 times the interval away from next
roughPath point
46 m = m i(ii); % Intial slope used to advance along to find second route
point
47
48 % Advance along intial slope a pixel distance defined by
49 % interval to find next seed point
50 x0 = temp route(2,1);
51 y0 = D(1)−temp route(1,1);
52 m0 = m(1);
53 sign x = sign(roughPath(2,ii+1)−x0);
54 sign y = sign((D(1)−roughPath(1,ii+1))−y0);
55 x1 = sign x*abs(interval*cos(atan(m0))) + x0;
56 y1 = sign y*abs(interval*sin(atan(m0))) + y0;
57 seedPoint = round([D(1)−y1;x1]);
58
59 % Use function crackcenter to find crack center along profile
60 % perpendicular to intial slope and through seed point
61 temp route(:,2) = crackcenter(seedPoint,m(1)); % Record new route point to
temp route
62 m(2) = (temp route(1,1)−temp route(1,2)) / (temp route(2,2)−temp route
(2,1)); % Record slope between last two points
63
64 % Define a counter index for the route point between subsequent
65 % roughtPath points
66 jj = 2;
67
68 % Code to find remaining route points before next roughPath
69 % point
70 while distCalc(roughPath(:,ii+1),temp route(:,jj))>1.5*interval & jj<100 %
Prevents execution if too close to next roughPath point or if
measuring excessive points (b/c of straying off of crack)
71
72 % Find next seed point by advancing along line connecting
73 % last two points in route
74 x0 = temp route(2,jj);
75 y0 = D(1)−temp route(1,jj);
76 m0 = m(jj);
77 sign x = sign(x0−temp route(2,jj−1));
78 sign y = sign(y0−(D(1)−temp route(1,jj−1)));
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79 x1 = sign x*abs(interval*cos(atan(m0))) + x0;
80 y1 = sign y*abs(interval*sin(atan(m0))) + y0;
81 seedPoint = round([D(1)−y1;x1]);
82
83 % Find next route point by centering seed point on crack
84 % along a profile perpendicular to line connecting previous
85 % two route points.
86 temp route(:,jj+1) = crackcenter(seedPoint,m(jj)); % Record new route
point to temp route
87 m(jj+1) = (temp route(1,jj)−temp route(1,jj+1)) / (temp route(2,jj+1)−
temp route(2,jj)); % Calc and record slope between last two route
points
88
89 % Increment counter index
90 jj = jj+1;
91 end
92 end
93
94 % Record route points found between roughPath points to the overall
95 % route
96 route = [route temp route];
97 end
98
99 % Record last roughPath point to route and record if last roughPath
100 % point is a crack junction
101 route = [route roughPath(:,end)];
102 new isJunction(length(route)) = isJunction(end);
103
104 % Convert new isJunction to a logical array
105 new isJunction = logical(new isJunction);
106 end
A.3 Routine for Finding Crack Separation – cracksep.m
The following function is used to determine the crack separations perpendicular to a given crack
route:
1 function [separations,edge1,edge2] = cracksep(route,isJunction)
2 % Calculate the crack separation at route points perpendicular to the route
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3 %
4 % Inputs
5 % route: sequence of points that define route of crack
6 % isJunction: logical array which denotes which route points are
7 % junctions with other cracks
8 %
9 % Outputs
10 % separations: array of separations at each midpoint of segments of route
11 % locations: locations of separation measurement (midpoints of segments
12 % of route)
13
14 % Declare I and profile width global for access
15 global I profile width background level; % Image, width of profile, and grayscale
level indicating crack vs. non−crack
16
17 % Calc. size of I
18 D = size(I);
19
20 % Define slopes for each point of <route> by using slope between the
21 % previous point and the next point
22 m = (route(1,1:end−2)−route(1,3:end)) ./ (route(2,3:end)−route(2,1:end−2));
23 m = [(route(1,1)−route(1,2))/(route(2,2)−route(2,1)), m, (route(1,end−1)−route(1,
end))/(route(2,end)−route(2,end−1))];
24
25 % Find crack separations by using 1D edge detection on profiles
26 % perpendicular to route points
27 separations = []; % Array to store separations at each route point
28 profile = []; % grayscale profile
29 x2 = []; % x−coords of profile
30 y2 = []; % y−coords of profile
31 edge1 = []; % 1st detected edge location
32 edge2 = []; % 2nd detected edge location
33 L filt = [−1 −2 −3 12 −3 −2 −1]; % Laplacian−like filter
34 % Step through each point on route and find separation perpedicular to
35 % crack route
36 for ii=1:length(m)
37 % Get profile perpendicular to path (defined by slope at each
38 % point, <m>)
39 [profile,x2,y2,origin] = getprofile(route(:,ii),m(ii),profile width);
40
41 % Get the Laplacian−like filter version of <profile1>
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42 profile2 = filter2(L filt,profile1);
43
44 % Find the indices of profile that demark the edges of the crack
45 startindex = [];
46 stopindex = [];
47 for jj = origin:−1:6
48 if profile2(jj−1)>0 & profile2(jj)<0 & mean(profile(jj−1:−1:jj−5))>
background level
49 startindex(end+1) = jj;
50 break
51 end
52 end
53 for jj = origin:1:length(profile2)−5
54 if profile2(jj+1)>0 & profile2(jj)<0 & mean(profile(jj+1:jj+5))>
background level
55 stopindex(end+1) = jj;
56 break
57 end
58 end
59
60 % If edges not found or if junction point, record separation as −1
61 % to signify error
62 if isempty(startindex) | isempty(stopindex) | isJunction(ii)==1 | I(route(1,ii
),route(2,ii))>background level
63 separations(ii) = −1;
64 % Find crack edge locations by interpolating where zero−crossings
65 % of <profile2> are. Find separations by calculating distance
66 % between edge locations.
67 else
68 edge1(1,ii) = (x2(startindex−1)*profile2(startindex)−x2(startindex)*
profile2(startindex−1)) / (profile2(startindex)−profile2(startindex−1)
);
69 edge1(2,ii) = (y2(startindex−1)*profile2(startindex)−y2(startindex)*
profile2(startindex−1)) / (profile2(startindex)−profile2(startindex−1)
);
70 edge2(1,ii) = (x2(stopindex)*profile2(stopindex+1)−x2(stopindex+1)*
profile2(stopindex)) / (profile2(stopindex+1)−profile2(stopindex));
71 edge2(2,ii) = (y2(stopindex)*profile2(stopindex+1)−y2(stopindex+1)*
profile2(stopindex)) / (profile2(stopindex+1)−profile2(stopindex));
72 separations(ii) = ( (edge1(1,ii)−edge2(1,ii))ˆ2 + (edge1(2,ii)−edge2(2,ii)
)ˆ2 ) ˆ.5;
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73 end
74
75 end
76
77 end
A.4 Miscellaneous Subroutines
The following function is used for getting a grayscale line profile (getprofile.m):
1 function [profile,x2,y2,origin] = getprofile(point,m,width)
2 % From an image, get a grayscale profile centered at location defined by "point", with
3 % slope "m", and with pixel width "width".
4 %
5 % Returns the profile, the x−y coords. of the profile, and the index for
6 % the center of the profile
7
8 global I; % Declare global image to use
9
10 D = size(I); % Calc. size of image
11
12 % Declare variables
13 origin = [];
14 x2 = [];
15 y2 = [];
16
17 % Calc. width of profile in x−direction
18 xwidth = floor(cos(atan(−1/m))*(width/2));
19
20 % Calc. x and y coordinates of profile
21 if xwidth == 0 % The profile is vertical
22 y2 = D(1)−point(1)−width/2:1:D(1)−point(1)+width/2;
23 x2 = point(2)*ones(1,length(y2));
24 else % The profile is not vertical
25 x1 = point(2)−xwidth:1:point(2)+xwidth;
26 b1 = (D(1)−point(1))+(1/m)*point(2);
27 y1 = −(1/m).*x1 + b1;
28 y1 = round(y1);
29 y2 = [];
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30 x2 = [];
31
32 % Fill in y points to get continuous profile
33 for ii = 1:length(x1)−1
34 if y1(ii)6=y1(ii+1)
35 sign = abs(y1(ii+1)−y1(ii))/(y1(ii+1)−y1(ii));
36 y2 = [y2 y1(ii):sign:y1(ii+1)−sign*1];
37 x2 = [x2 x1(ii)*ones(1,abs(y1(ii+1)−y1(ii)))];
38 else
39 y2 = [y2 y1(ii)];
40 x2 = [x2 x1(ii)];
41 end
42 end
43 x2 = [x2 x1(end)];
44 y2 = [y2 y1(end)];
45 end
46
47 % Eliminate x and y coordinates that are not on image
48 a = D(1)−y2>0 & y2>0;
49 b = x2<D(2) & x2>0;
50 c = a & b;
51 y2 = y2(c);
52 x2 = x2(c);
53
54 % Get index of center of profile
55 d = distCalc([x2;y2],[point(2);D(1)−point(1)]);
56 [dummy,origin] = min(d);
57
58 % Calculate profile
59 profile = [];
60 for ii = 1:length(x2)
61 profile(ii) = I(D(1)−y2(ii),x2(ii));
62 end
63
64 end
The following function is used to find the center of a crack along a given line (crackcenter.m):
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1 function [profile,x2,y2,origin] = getprofile(point,m,width)
2 % From an image, get a grayscale profile centered at location defined by "point", with
3 % slope "m", and with pixel width "width".
4 %
5 % Returns the profile, the x−y coords. of the profile, and the index for
6 % the center of the profile
7
8 global I; % Declare global image to use
9
10 D = size(I); % Calc. size of image
11
12 % Declare variables
13 origin = [];
14 x2 = [];
15 y2 = [];
16
17 % Calc. width of profile in x−direction
18 xwidth = floor(cos(atan(−1/m))*(width/2));
19
20 % Calc. x and y coordinates of profile
21 if xwidth == 0 % The profile is vertical
22 y2 = D(1)−point(1)−width/2:1:D(1)−point(1)+width/2;
23 x2 = point(2)*ones(1,length(y2));
24 else % The profile is not vertical
25 x1 = point(2)−xwidth:1:point(2)+xwidth;
26 b1 = (D(1)−point(1))+(1/m)*point(2);
27 y1 = −(1/m).*x1 + b1;
28 y1 = round(y1);
29 y2 = [];
30 x2 = [];
31
32 % Fill in y points to get continuous profile
33 for ii = 1:length(x1)−1
34 if y1(ii)6=y1(ii+1)
35 sign = abs(y1(ii+1)−y1(ii))/(y1(ii+1)−y1(ii));
36 y2 = [y2 y1(ii):sign:y1(ii+1)−sign*1];
37 x2 = [x2 x1(ii)*ones(1,abs(y1(ii+1)−y1(ii)))];
38 else
39 y2 = [y2 y1(ii)];
40 x2 = [x2 x1(ii)];
41 end
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42 end
43 x2 = [x2 x1(end)];
44 y2 = [y2 y1(end)];
45 end
46
47 % Eliminate x and y coordinates that are not on image
48 a = D(1)−y2>0 & y2>0;
49 b = x2<D(2) & x2>0;
50 c = a & b;
51 y2 = y2(c);
52 x2 = x2(c);
53
54 % Get index of center of profile
55 d = distCalc([x2;y2],[point(2);D(1)−point(1)]);
56 [dummy,origin] = min(d);
57
58 % Calculate profile
59 profile = [];
60 for ii = 1:length(x2)
61 profile(ii) = I(D(1)−y2(ii),x2(ii));
62 end
63
64 end
The following function is used to find the location of a crack junction (junctionCenter.m):
1 function actual point = junctionCenter(seed point);
2 % Calculate the location of the center of a crack junction using a seed
3 % point
4 %
5 % Inputs
6 % seed point: the estimated position of the crack junction (row and column coord.)
7 %
8 % Outputs
9 % actual point: the calculated/found junction point (row and column coord.)
10
11 % Declare variables
12 global I; % Image containing crack junction of interest
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13 actual point = []; % Location of crack junction
14 loc size = 60; % Half the width/height (in pix) of local region over which to
search for crack junction
15
16 % Define secondary image (<I loc>) from region of original image localized and
17 % centered around <seed point>. Also, get a thresholded version of
18 % image (<BW loc>).
19 I loc = I(seed point(1)−loc size:seed point(1)+loc size,seed point(2)−loc size:
seed point(2)+loc size);
20 BW loc = ¬im2bw(I loc, 100/255);
21
22 % Skeletonize <BW loc>
23 BW loc skel = bwmorph(BW loc,'skel',Inf);
24
25 % Define all 3 by 3 junction pattern masks
26 pat1 = [1 0 1; 0 1 0; 0 1 0];
27 pat2 = [0 0 1; 1 1 0; 0 0 1];
28 pat3 = [0 1 0; 0 1 0; 1 0 1];
29 pat4 = [1 0 0; 0 1 1; 1 0 0];
30 pat5 = [0 1 0; 1 1 0; 0 1 0];
31 pat6 = [0 1 0; 0 1 1; 0 1 0];
32 pat7 = [0 0 0; 1 1 1; 0 1 0];
33 pat8 = [0 1 0; 1 1 1; 0 0 0];
34
35 % Search for all points in <BW loc skel> that match one of the junction
36 % patterns
37 for ii=2:size(BW loc skel)−1
38 for jj=2:size(BW loc skel)−1
39 nn loc = BW loc skel(ii−1:ii+1,jj−1:jj+1); % 3 by 3 region centered on
point of interest
40 if sum(nn loc==pat1)==9 | sum(nn loc==pat2)==9 | sum(nn loc==pat3)==9 |
sum(nn loc==pat4)==9 | sum(nn loc==pat5)==9 | sum(nn loc==pat6)==9 |
sum(nn loc==pat7)==9 | sum(nn loc==pat8)==9
41 actual point = [actual point, [ii;jj]]; % Record points that match a
junction pattern
42 end
43 end
44 end
45
46 % If no skeleton junctions found, return original seed point as
47 % <actual point>
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48 if isempty(actual point)
49 actual point = seed point;
50 % Otherwise, return the closest point in array <actual point> as
51 % <actual point> (location of junction)
52 else
53 dists = ( (seed point(2)−actual point(2,:)).ˆ2 + (seed point(1)−actual point
(1,:)).ˆ2 ).ˆ.5;
54 [dummy1,index] = min(dists);
55 actual point = actual point(:,index);
56 end
57
58 end
The following function is used to find the distance between two points (distCalc.m):
1 function val = distCalc(point1, point2)
2
3 val = ( (point1(1,:)−point2(1,:)).ˆ2 + (point1(2,:)−point2(2,:)).ˆ2 ).ˆ.5;
4
5 end
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APPENDIX B
DRAWINGS OF DOUBLE
CANTILEVER BEAM IMPACT
FIXTURE AND IMPACTOR
The drawings for top and bottom sections of the fixture used to clamp samples for double
cantilever beam impact are shown in Figures B.1 and B.2 respectively. The inner corners of all
fixture sections are filleted with a 1.59 mm (1/16 in) radius. The holes in the top portions are
pass-throughs without threads. On the bottom sections, the two holes on the front filleted edge
are threaded so that #8-32 screws from the top anchor in the bottom and clamp the sample at
the leading edge. The fixture is anchored to the base of the impact tower via the unthreaded
pass-through holes in the top and bottom portions of the fixture with #8-32 screws. Figure B.3
shows a schematic and picture of the setup.
A custom impactor with a 2.54 cm radius of curvature was used. Drawings are shown in
Figure B.4.
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Figure B.1: Drawing of top section of double cantilever impact fixture.
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Figure B.2: Drawing of bottom section of double cantilever impact fixture.
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(a) (b)
Figure B.3: (a) Schematic and (b) picture of double cantilever impact fixture setup.
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Figure B.4: Drawings of impactor used in double cantilever impact.
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APPENDIX C
SELF-INDICATING DAMAGE
There are instances when damage that is self-indicated would be advantageous. If damage that
is typically hard to detect by sight were to highlight itself autonomically, it could be detected more
easily. The work presented here demonstrates progress towards such a scheme in fiber-reinforced
composites. The system is implemented by incorporating DCPD microcapsules and UF encapsulated
perylene-dyed wax microspheres into the epoxy matrix of a 2D plain woven composite. Low-velocity
impact is used to induce matrix damage. Cracks rupture microcapsules, delivering DCPD to the
crack plane. The DCPD dissolves the wax core of the UF encapsulated wax microspheres and
the perylene dye contained within it. The perylene dye, which fluoresces orange under 365 nm
UV illumination while dispersed in the wax, fluoresces blue under UV illumination when dissolved
in the DCPD. Thus, the crack is filled with liquid that fluoresces blue. As a result, damage is
self-highlighted when viewed under UV illumination. The UF shell around the perylene-dyed wax
microspheres prevents the dye from dissolving in the epoxy matrix and causing a background blue
fluorescence that would drown out the fluorescing damage.
C.1 Materials and Methods
DCPD microcapsules were manufactured as outlined by Brown et al. [76]. Perylene-dyed
wax microspheres were made with 0.02 g of perylene dissolved in 30 g of molten paraffin wax
(Tm∼58− 62°C). The formation of microspheres was achieved using the process outlined by Rule et
al. [73], but modified to use polyvinyl alcohol as the surfactant (Section 2.1.1). UF encapsulation
was performed according to the method described in Section 3.2.1 to yield 135 µm UF encapsulated
wax microspheres. 22 g of 35 µm DCPD microcapsules, 11 g of 125 µm DCPD microcapsules, and
10 g of UF encapsulated perylen-dyed wax microspheres were mixed into 400 g of Epon 862 and
Epicure 3274 epoxy system (100:40 by weight mi ratio). This epoxy mixture was used in hand
layup of four layers of 2D plain woven S2 glass fabric (Owens Corning Knytex SBA240F). The
layup was cured in a hot press at room temperature under approximately 95.8 kPa of pressure for
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24 hours, followed by 35°C for 24 hours with no applied pressure. The final panels for impacting
were approximately 101×101×4 mm.
Panels were impacted with an Instron Dynatup 8200 drop-weight impact tower with the setup
shown in Figure 2.5. A drop mass of 7.66 kg was dropped from 0.60 m for an impact energy of
45.1 J. A one inch radius of curvature impact head was used. Panels were imaged under long wave
UV illumination, and then sectioned through the impact site as shown in Figure 2.6a. The exposed
cross-sections were wet polished with 600 grit SiC paper on a rotating polishing wheel and imaged
under UV illumination to reveal the self-indicating damage.
C.2 Results and Discussion
Overhead images of the back-face of an impacted panel under normal lighting and under UV
illumination are shown in Figure C.1. The region of damage around the impact site, as well as
secondary damage within the gripped area, can be clearly seen in the image taken under UV
illumination. Individual surface cracks can be seen within the region of damage around the impact
site (Fig. C.1c).
(a) (b)
(c)
25 mm 25 mm
Figure C.1: Images of backface of impacted panel under (a) normal lighting and (b) UV illumination. The
damage near the location of impact is shown magnified in (c).
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Images of a cross-section through the impact damage can be seen in Figure C.2. Self-indicating
delaminations and shear cracks are visible in the image taken under UV illumination.
(a)
(b)
5 mm
Figure C.2: Images of a cross-section through impact damage under (a) normal lighting and (b) UV
illumination.
Although this self-indicating damage system was demonstrated in a fiber-reinforced composite
for detecting impact damage, this application would be very limited in such an application. Since
the glass reinforcement results in a translucent material, fluorescing subsurface damage is visible.
However, with thick section panels or composites made with opaque reinforcement, this visual
access is not possible. Thus, this type of self-indicating system is more suited for use in a coating
where damage is on the surface. In composite applications, this coating configuration could be used
to indicate locations where composite parts have been subject to impacts. These areas can then be
further scrutinized with other NDE techniques that can see subsurface damage. The configuration
demonstrated in this work could be used as a method to highlight impact damage in destructive
fractography analysis of composite damage (e.g. impact, fatigue, etc.)
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